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CHAPTER 1. INTRODUCTION 
Water is becoming an increasingly scarce resource in 
Arizona. Agriculture consumes over 85 percent of all water 
used in the state (35, p. 1). The 1975 estimates indicate 
that the statewide rate of depletion was 1.7 times depend­
able supply (2,800,000 acre feet), and groundwater overdraft 
(2,200,000 acre feet) represents about 45 percent of total 
depletion (4,800,000 acre feet) (3, p. 28). At least three 
factors have been responsible for the scarcity, which 
appears to be a continuing problem. These factors are: 
(a) water tables are often deep and declining; (b) energy 
prices are increasing rapidly; and (c) other sectors besides 
agriculture are competing for the limited water supply. 
The problem is not new. Over the past 27 years annual 
groundwater discharge in the Willcox basin has exceeded 
annual recharge, on the average, by about 337 percent, vary­
ing from a minimum of 116 percent to a high of 565 percent 
(71, p. 1). 
For years Arizonans have been using water more 
rapidly than mother nature has replenished it. 
This is possible only through the massive bor­
rowing of waters banked as groundwater reserves 
in past geologic ages. In many areas of Arizona, 
natural replenishment rates are very small and 
the mining of groundwater is analogous to the 
mining of oil in other parts of the country. 
(3, p. 31) 
A water shortage exists despite the fact that agricul­
ture is not a large industry in the state. In Arizona, there 
2 
are about 72 million acres of land suitable for cultiva­
tion, of which only about one million acres or 1.4 percent 
are irrigated and used for growing crops (10, p. 2). The 
main reason only 1.4 percent of the land is used for culti­
vation is the limited amount of groundwater and the insuf­
ficient amount of rainfall. 
The characteristics of irrigated agriculture differ 
widely throughout the state due to broad ranges of climatic 
and geographic conditions within the state. Some areas in 
the state rely mostly on groundwater supplies for irriga­
tion purposes (e.g., Cochise County);, other areas obtain 
water by diverting surface water for irrigation uses (e.g., 
Maricopa County); and still other areas obtain water from 
both sources (e.g., Pinal County). 
Nature and Importance of Water in 
the Area of Study 
The area of this study is limited to the Willcox Basin 
in southeast Arizona (explained in detail in Chapter 3). 
This area receives less than 12 inches of precipitation 
annually (15, p. 4). Thus, farming in the area of study is 
heavily dependent upon irrigation to meet crop water demands. 
Most of the water used for irrigation is obtained from 
underground aquifers (formations of inorganic materials 
which permit water to move through them (68, p. 15)). 
Because of the insufficient amounts of annual rainfall 
3 
and the dependence on groundwater for crop irrigation, the 
main task of farmers in the area of study is to search for 
dependable sources of water at a reasonable cost. Such 
sources could be the diversion of surface water from other 
counties or better allocation of the existing groundwater 
supply in the area. 
The Problem 
Since water is scarce and becoming scarcer in the area 
of study, its cost as an agricultural input is increasing. 
The increase in the cost of water is generated by the in­
crease in pumping lift requirements, which in turn is 
generated by the decline in water table. The result is a 
substantial increase in energy costs. 
There is a water allocational problem in the Willcox 
Basin in the sense that water does not appear to be allo­
cated properly among the crops (55, p. 18). Water should 
be allocated in such a way that it goes first to the crops 
yielding the highest marginal value of product per unit of 
water, then to the second highest, and so on until the 
criterion of equimarginal product among all crops is 
achieved. 
In summary, the problem in the study area consists of 
the decline in water table complicated by the increase in 
energy costs to pump the water needed consisting of (1) the 
4 
extra fixed cost required to lower the pump because of the 
decline in the water table, (2) increase in the cost of 
needed energy to pump the water required because of the 
greater lift, and (3) past increase in the cost of energy 
embracing inflation and scarcity. 
Objectives of Study 
The general objectives of this study are (1) to develop 
a model for identifying and analyzing water management, and 
(2) to apply the model to the area of study. More specifi­
cally, the model will be applied in a manner: 
2a. to provide a basis for allocating water in the 
area of study at the highest net returns economi­
cally possible over time. These net returns will 
be expressed in terms of present values; 
2b. to limit water use to recharge, in order to main­
tain economic productivity through the target 
year 2021; and 
2c. to develop and appraise policy options (taxes, 
quotas, allotments, etc.) that could contribute 
to achieving each of the above two alternatives. 
These objectives will be pursued through the development 
and application of a multiperiod linear programming model 
described in more detail in Chapter 2. 
5 
Organization of the Report 
The remainder of this report is organized as follows: 
In Chapter 2, relevant theoretical and model develop­
ment considerations are discussed. 
In Chapter 3, the area of study is explained in detail. 
In Chapter 4, data needs for the 1981 farming situa­
tion are analyzed. 
In Chapter 5, the multiperiod linear programming model 
is applied to data representing the area of study and results 
are analyzed. 
In Chapter 6, summary, conclusions, and recommendations 
are stated including recommendations for further research. 
Bibliography and appendices appear at the end of the 
report. 
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CHAPTER 2. SOME THEORETICAL CONSIDERATIONS 
AND SELECTION AND DEVELOPMENT OF MODEL 
Some Theoretical Considerations 
Annual water use in the Willcox Basin, Arizona, is in­
creasing at a rapid rate. Most of the increase in recent 
years is related to continued rapid expansion of irrigated 
acres in agricultural production. Not to be overlooked is 
the additional expansion of water usage by municipalities 
and industrial concerns. In the Willcox Basin, water of 
suitable quality to meet the many and varied needs of agri­
culture, industry and municipalities is scarce. The basic 
concepts of traditional economic theory provide criteria by 
which an efficient allocation of the scarce resource may be 
achieved. 
The initial sections of this chapter briefly consider 
society's allocative goals and traditional static theory of 
the firm, assuming water is a scarce resource in the produc­
tion process, but neglecting the complexities caused by the 
exhaustability and commonality of the water supply. Then 
the problems of commonality of resource use, the criterion 
of safe-yield, and the value of water as a stock resource 
and a net return discounting technique are discussed. Final­
ly, selection and development of model and implications of 
the alternative policy options are discussed and the theoret­
ical consequences examined. 
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Society's allocative goals 
From a public viewpoint, the maximization of long-run 
social benefits from the use of water represents the domi­
nant goal of water resource use (66/ p. 1248). This goal 
can be accomplished by efficient allocation of water among 
competing uses in present and future time periods. In the 
present period, efficient allocation between two competing 
uses, as agriculture and industry, occurs when the marginal 
rate of substitution in production of alternative commodities 
equals the marginal rate of substitution in consumption of ag­
ricultural and industrial commodities. In allocating a scarce 
resource, such as water, for the production of two commodi­
ties, equilibrium occurs when the production possibilities 
curve for water in production of commodities and is 
just tangent to society's indifference curve for those two 
commodities. These concepts are illustrated in Figure 1, 
page 8. The slope of the production possibilities curve 
(PP') represents the marginal rate of substitution between 
the two products (the number of units of Y^ sacrificed for 
each unit of Y^ gained as resources shifted from Y^ to Yg)-
The slope of society's indifference curve (II') represents 
the marginal rate of substitution between the two commodi­
ties in consumption (the amount of Y^ consumers would be 
willing to give up to get an additional unit of Yg). At the 
point of tangency (q), the slopes of the two curves are 
8 
COMMODITY % 
Figure 1. Production possibilities curve and society's 
indifference curve 
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equal and thus the marginal rate of substitution in produc­
tion equals the marginal rate of substitution in consump­
tion. Since these curves are also tangent to the price 
ratio line (RR'), which reflects consumers' desires, the 
efficiency criteria of resource allocation are met. The 
optimum allocation of water occurs when Oa of commodity 
and Ob of commodity Yg are being produced. This allocation 
implies that the marginal value product of the resource is 
equal in all of its uses. Alternative resource allocations 
would not enable society to reach a higher indifference 
curve. 
Optimal allocation of resources in a 
static production framework 
Static economic theory assumes that the individual pro­
ducers attempt to allocate scarce resources in such a way 
that profits, or net returns, are maximized. Net returns 
(NR) represent the difference between total revenue (TR) 
and total cost (TC) for the firm, as expressed in equation 
2-1: 
NR = TR - TC . (2-1) 
Assume that the firm is a multiproduct firm operating 
under conditions of pure competition, facing constant 
factor and product prices. Assume also that the produc­
tion function for each product or crop is of the form 
10 
= f^(X |z^,...,z^) (2-2) 
where is the output of product i; X is a variable fac­
tor used in the production of product i, such as irrigation 
water; and are fixed factors of production. 
Total revenue is found by multiplying the output of 
each product (Y^) by its price (Py^). Total cost is the 
sum of variable cost (x^times its price, P^) and costs of 
the factors held constant (FC). Thus, the net returns equa­
tion 2-1 may be rewritten as 2-3 for a firm producing m 
products utilizing a single variable input: 
m 
NR = I [Py^-f^(X /%!,...,2^) - X Px ] - FC . (2-3) 
i=l 
To maximize net returns, equation 2-3 is differenti­
ated with respect to the variable factor of production X 
and equated to zero, as in equations 2-4 and 2-5. 
if = • It - =0 ,2-4, 
1 ~ 1, 2, ..., m 
9f i 
then gYT ~ ^ x (2-5) 
Equation 2-5 above represents a series of m equations 
according to the number of the outputs produced which run 
from i = 1 to i = m. Each equation equates the marginal 
9 f 1 
value product of X Py. ) in the production of one of O A t  1  
11 
the products to the price of X (?%). Solution of the 
set of m equations reveals the optimal allocation of the 
variable resource X in the production of products Yg, ...# 
Y^, and represents the profit maximizing conditions for a 
multiproduct firm employing a single variable resource. 
In the previous example^ X was a single factor of 
production. If X represents irrigation water, it is re­
quired in several different periods of the crop year. Hence, 
it may be argued that X is actually several variables, 
X^, Xg, , X^, depending upon the time period in which it 
is being allocated. To represent the multiproduct firm 
attempting to maximize net returns by optimally allocating 
X^, Xg, ..., X^, equation 2-3 is rewritten as 
m 
NR = .1 *21' ^nil^l' "'^u^ 
1—X 
- ? Px Xni] - FC (2-6) 
j=l J 
j ~ If 2, ..., n 
To maximize net returns, equation 2-6 is differentiated 
with respect to inputs X^ through X^ which represent the use 
of X in n time periods for all of Y^, Yg, ..., Y^ products, 
then the derivatives are equated to zeros as in equations 
2-7 to 2-9; 
12 
9NR ? 9 fi 
53^ = J, M • ^  ° 
=  = 0 .  
Solution of the above set of equations reveals the 
optimum allocation of X^, y ..., X^ in production of 
products Yg, Y^. The equimarginal criterion, 
given unlimited resources, which reflects the optimum 
amounts of X^, Xg, X^ used in producing Y^, Yg, ... 
Y^, is expressed as follows: 
MVP XiYi ^ MVPx^yg ^ ^ MVPxiVm ^ MVPx2yi = MVPx2y2 
Px Px Px Px Px 
... = MVPxzym = MVPx^yi ^ MVPx^yg ^ ^ ^ VPx^y^ = 1 
Px Px Px Px 
(2-10) 
The equimarginal criterion states that the marginal 
value product of Xj must be equal in each of its Y^ uses 
and, in the case of a limited supply, must equal the 
marginal cost, or price, of the resource. 
An additional theoretical formulation allows considera­
tion of the problem of defining optimum resource allocations 
for a multiproduct firm utilizing the variable inputs 
X^, Xg, ..., X^, subject to a quantity restraint on the 
total amount of X to be allocated. Such a situation may 
13 
occur when an irrigation operator attempts to optimally 
allocate water resources among competing crops, subject to 
a restriction on the quantity of water that can be pumped 
during a given time period. The mathematical formulation 
for maximizing net returns subject to a constraint on water 
use is presented in equation 2-11. 
Maximize 
m 
N R  =  .I • • • '  ^ n i ' ^ l '  ' ' ^ n ^  
1=1 
n 
I Px - FC (2-11) 
j=l 
Subject to the constraints 
m n 
1. i I X.^ - X < 0 (2-12) 
Set 
2. Y^, Xj > 0 (.2-13) 
m 
L = ^ •••/ ^ni^^l' *'*' 
n 
- A I Px(X.. - X)] - FC . 
j=l 
(2-14) 
Equation 2-14 is differentiated with respect to X^, j=lf 2, 
n and A for each of the outputs , Yg, ..., Y^. 
The form of the derivatives is shown in equations 2-15 and 
2-16; 
14 
a T n) 9 f ,* 
ixT = Pyi'âxTT - APx = 0 (2-15) 
] 1=1 ]i 
. m n 
# = i Ï Px(Xii - X) < 0 (2-16) 
i=l j=l 
If 1^ is < 0, A is = 1. 
If "l^ is = 0, A is ^ 1. 
If j = 1, 2, 3, n in equation 2-15, then equa­
tions one and three can be written as : 
ix; = Pyi ix;; - kPx = " (2-171 
3X3 " ^^3 9X^2 - ^ ' (2-18) 
Division of equation 2-17 by equation 2-18 yields; 
^yi 9X 
9 fi 
11 XPx . 
p ^ ^3 XPx 
^3 9X^3 
This implies that 
MVP XI Px 
MVPxg Px 
This can be generalized to 
(2-19) 
^ (2-20)  
15 
This criterion states that the marginal value product 
of the resource should be equal to its price if an optimum 
condition for its allocation is to be reached. This cri­
terion views the production process from the input side, 
but is essentially the same criterion which leads to the 
equality of marginal rates of substitution to product 
prices ratio (MRSy^y^ = Py^^/Py^) from the output side (24, 
p. 139). That is, making the marginal value product of a 
resource the same for each use leads the producer to allo­
cate resources between products to maximize net returns. 
Solution of the entire set of equations implied by 
equations 2-15 and 2-16, p. 14, reveals the optimum combina­
tion of m products produced and the optimum allocation of 
resources in production of those products. The solution for 
a given restriction, X°, locates one point on the marginal 
value product curve of the resource for the firm. By vary­
ing the quantity restriction from X° to X^, X^, ..., x"^, 
and solving the resulting set of equations for each quantity 
restriction, points along the marginal value product curve 
of the resource may be defined for the firm. Such an MVP 
curve for water, as viewed by the firm, is utilized in sub­
sequent discussions of commonality of resource use. 
The magnitude and complexity of formulating and solving 
the sets of equations required to trace out the MVP curve 
for water for the firm utilizing marginal analysis are 
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obvious. Even so, derivation of conditions for optimal 
resource allocation under static assumptions represents 
the simplest application of economic concepts to the water 
allocation problem. The analysis is greatly complicated 
by introduction of time and random weather variables into 
the model, and compounded by the theoretical and practical 
complexities of utilizing a stock resource with commonality 
properties. However, presentation of traditional static 
theory of resource allocation is a useful prelude to the 
ensuing analysis for several reasons. First, much of the 
terminology used in later sections has been introduced and 
may now be used without further elaboration. Second, the 
difficulty of translating marginal analysis from the 
theoretical to the practical is emphasized. That is, the 
marginal analysis formulations discussed must be modified 
to make them operational in solving problems involving farm 
and institutional manager decision making in reality. 
The problem of commonality of resource use and 
consideration of water as a stock resource 
As long as the quantity of water available for pumping 
from an underground aquifer greatly exceeds demand, problems 
of common usage and timing of water usage do not arise. 
However, the Willcox Basin, Arizona, contains a finite 
quantity of water. Average annual recharge is negligible. 
Irrigators pumping from the basin are essentially engaged 
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in a water mining operation. 
A stock resource is one whose total quantity does not 
increase significantly with time. In fact, each rate of 
use diminishes some future rate of use (46, p. 1112) . 
Water in the Willcox Basin, Arizona, may be classified as 
a stock resource possessing many of the characteristics • 
of commonality.^ That is, all irrigators draw from the 
common source and each has his or her own self-interests 
in mind. Irrigators pumping from a relatively high cost 
water situation feel an immediate effect on current and 
future pumping costs and future water supplies. Irrigators 
pumping from a relatively low cost water situation from 
this standpoint feel that current pumping will have a 
negligible effect on future pumping costs and future sup­
plies. Under the present institutional framework, water 
laws fail to provide an individual the incentive to "save" a 
portion of his water in the current period for use in future 
periods. The doctrine of Prior Appropriation insures the 
irrigator the right to put a specified number of acre feet 
of water per year to beneficial use. Failure to put the en­
tire amount allocated to beneficial use within a specified 
^For a more complete discussion of the economics of 
commonality, see Gordon (33b); Hirshleifer et al. (42b, 
pp. 59-73); Milliman (54). 
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period results in a reduction in water rights to the amount 
actually being put to beneficial use. Thus, irrigator is 
encouraged by the institutional framework to act as if the 
value of water, while in the underground aquifer, is zero. 
The irrigator acts to maximize returns to the scarce water 
resource from year to year without reference to future 
years. For all irrigators as a group, their collective 
actions increase future pumping costs and reduce the avail­
ability of future water supplies. 
The problem of commonality of water use leads to 
externality costs arising from two sources (54, p. 426-437). 
The first of these costs arises when all the costs of extra 
pumping are not borne by the individual irrigator, but fall 
upon other pumpers in the basin and society in general. The 
second type of externality cost results when one irrigator 
pumps sufficient water to lower the water table, reduce 
well yields and increase pumping costs. The increased cost 
of pumping must eventually be borne partly by all irrigators 
pumping from the basin. The first of these costs arises 
because the individual irrigator, without water rights which 
are valid in future periods, has no incentive to maximize 
the present value of water use over time. The second arises 
because irrigators continue to irrigate as long as the cur­
rent marginal value productivity of water resource exceeds 
the variable costs of pumping and delivering water to plants 
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in the current period. 
These externality costs result in a divergence of 
private and social costs. The difference in optimal water 
allocations caused by the divergence of private and social 
costs is illustrated in Figure 2, page 20. The marginal 
social cost curve (MSG) lies above the marginal private 
cost curve (MPC). The marginal value product curve (MVP) 
represents the value of water in use. The individual irri­
gator, in seeking to optimally allocate his water resources, 
considers only marginal private costs. Thus, the optimal 
allocation of water resources for the individual occurs 
where the MPC of pumping the incremental unit of water equals 
the MVP of that unit of water, or at point D in Figure 2, 
page 20. Each individual pumps ob acre feet of irrigation 
water. 
The socially optimal allocation of water results only 
when marginal social costs are considered in the allocative 
process. Each producer should equate MSG and MVP (point C 
in Figure 2) with the socially optimal allocation of water 
being oa acre feet. Thus, if the individual producer does 
not consider the full social and private cost of irrigation 
water used in production, his decisions tend to push water 
use beyond socially optimum levels by an amount equal to ab. 
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Figure 2. Illustration of the divergence of private and 
social costs and the resulting resource alloca­
tions 
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Criterion of safe-yield 
The criterion of safe-yield is generally accepted in 
forming many policies designed to deal with development of 
ground water. The safe-yield criterion is explained below. 
The idea of safe-yield is based on the renewability of 
ground water within the hydrologie cycle. 
Thomas (64, p.  14) has defined safe-yield as "the rate 
at which water can be withdrawn from an aquifer without 
depleting the supply to such an extent that withdrawal at 
that rate is no longer economically feasible." Kazeman 
(45, p. 160) and Conkling (21, p. 283) have defined safe-
yield as "the average annual rate of artificial extraction 
from a ground water basin without bringing on any undesired 
results. The main types of undesired results are: 
1. Exceeding the average annual recharge (hydrologie 
consideration. 
2. Lowering the water-table below the economic limit 
determined by the cost of pumping (economic con­
sideration) . 
3. Permitting intrusion of water of undesired quality 
(quality consideration). 
4. Interfering with the right of other users in the 
same or adjacent basins (legal consideration)." 
22 
Criteria of economic and physical exhaustion 
The use of groundwater for irrigation leads steadily 
to its exhaustion. Economic exhaustion has been defined by 
Herfindahl and Kneese (41) as a rise, gradual or sudden, in 
the cost of exploitation caused by exploitation. In the 
case of groundwater pumping, exhaustion is an increase in 
pumping costs caused by over time excessive pumping which 
leads to a decline in water table. Herfindahl and Kneese 
also state that; 
A more sophisticated view of exhaustion as con­
stituting a gradual rise in the cost of exploita­
tion requires that exhaustion be viewed as a 
process taking place over time. The only point 
at which exhaustion could be said to occur would 
be that at which cost rises to the point at which 
none of the mineral product is demanded. This 
point is not characterized by a single physical 
situation but is dependent on the demand for the 
product (that is, on what can be done with the 
product and the prices of substitutes) and the 
cost of exploitation, which in turn depends on 
technology and prices of inputs (41, p. 115). 
Economic exhaustion occurs when the point of equality 
between per unit commodity price and per unit water cost 
is reached. Economic exhaustion may be reached at a certain 
level of commodity price, but if that price rises over time, 
exhaustion may vanish and it may become profitable to ex­
tract the resource. That is, exhaustion could vary with 
price of output. No exhaustion if price of output is 
rising and cost of exploitation is either constant or de­
clining. Thus, the economic criterion of exhaustion involves 
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prices of outputs and costs of inputs used. 
Physical exhaustion, unlike economic exhaustion, does 
not involve prices of outputs or costs of inputs, but it 
only deals with the physical quantity of the resource. 
Physical exhaustion as defined by Johnson (44) means that 
the water-table well or reservoir should not be pumped 
beyond two-thirds of the thickness of the water-bearing 
sand. Johnson indicates that, "It is impractical to pump 
a water-table well at a drawdown which exceeds two-thirds 
of the thickness of the water-bearing sand" (44, p. 189). 
The reason why it is impractical is because it has 
been determined in the same book that at a drawdown of 65 
percent of the maximum, the well produces 88 percent of 
maximum yield. If the drawdown were increased to 95 per­
cent of the amount possible, the well yield would increase 
by 99 percent of its maximum. Thus, a 46 percent greater 
drawdown results in only 11 percent greater yield (44, p. 
189, 190). 
Selection and Development of Model 
Possible models for analyzing 
the problem 
Several alternative models were considered in pursu­
ing the above study objectives. One of the models is an 
input-output model which could be used to analyze the 
problem. This model may be best suited for explanation 
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of how the sectors of an economy interact with each other 
in a sufficiently large area because it is a general 
equilibrium model. However, the study area is a small 
area with little interaction among the sectors. Thus, 
the model has several disadvantages including (a) lack 
of internal optimization procedure, and (b) unavailability 
of sufficient data in the study area. 
An integrated input-output and linear programming 
model could have been developed and applied as was carried 
out by Mensah (52) and Rhee (57) to provide the necessary 
optimization procedures, but the problem of insufficient 
data would remain unsolved. 
An optimal control model could have been used but 
would have required more funds and time than are avail­
able. The model is complicated because of the complex 
mathematical relations built into it and because a com­
puter package for this model is not available at the Iowa 
State University Computer Center. Developing such a com­
puter package would demand a great deal of money and 
effort. One advantage of this model would be the avail­
ability of an optimization procedure built into it. 
After several alternative methodological approaches 
were considered, multiperiod linear programming was se­
lected as best suited to pursuing the objectives of this 
study which was subject to time and fund constraints. 
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advantages of this model were; (a) optimum solution could 
be obtained because of the availability of an iterative 
procedure to search for an optimum solution; (b) data 
for using this model, which were collected from the area 
of study in the period between January and August 1981, 
were available; and (c) the model is straight forward in 
its application and use of data. 
Linear programming as a tool for 
resource allocation 
Use of linear programming Linear programming is 
one of the most frequently and successfully applied mathe­
matical approaches by decision makers. The objective in 
using linear programming is to aid decision makers in 
determining the optimal allocation of scarce resources 
among competing uses within a certain period or between 
periods of time. Since resources used on farms have 
economic value and outputs of farms lead to profits and 
costs, the linear programming problem becomes that of 
allocating the scarce resources in a manner such that 
revenue is maximum for particular levels of costs or 
costs are minimum for particular levels of products. Two 
factors give rise to the allocation problem. First, 
resources available to farmers have a cost and are limited 
in supply; therefore, farmers as decision makers must 
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determine how limited resources will be used. In the 
area of study, water is the most limiting factor, so 
farmers in the area should be very careful in allocating 
this resource. Second, the allocation of the resources 
must be made in accordance with some overall objective. 
In the farming sector, this objective is normally the 
maximization of profits or the minimization of costs. 
Assumptions of linear programming Heady and 
Candler (39, p. 17) list four major assumptions made in 
the application of linear programming as: 
(1) Additivity and linearity. The activities must 
be additive in the sense that when two or more 
are used, their total product must be the sum 
of their individual products. 
(2) Divisibility. It is assumed that factors can 
be used and commodities can be produced in 
quantities which are fractional units. 
(3) Piniteness. It is assumed that there is a 
limit to the number of alternative activities 
and to the resource restrictions which need to 
be considered. 
(4) Single value expectations. In general (the 
assumption is made) that resource supplies, 
input output coefficients, and prices are 
known with certainty. 
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These assumptions are not as restrictive as it may 
appear. It has been demonstrated (28) that the linear pro­
gramming model is a logical extension of linear economic 
theory, which is itself a restatement of the conventional 
theory of competitive equilibrium. In fact, "linear pro­
gramming is marginal analysis, appropriately tailored to a 
finite number of activities" (28, p. 133). 
If the assumption of a homogeneous production function 
is acceptable, it is difficult to argue with the linearity 
assumption employed in programming (59, p. 84). However, 
because of resource indivisibilities, variable proportions 
may have to be accepted in some cases. Fortunately, such 
a situation may be approximated by means of a series of 
linear segments (19). 
The divisibility assumption is a necessary mathematical 
requirement in the Simplex method and can be adapted to a 
particular empirical problem. Thus, if the solution speci­
fies that 15,000.42 acres of cotton be grown, it may be 
reasonable to ignore the decimal figure. For other pro­
gramming problems where a fractional answer is totally 
meaningless and unacceptable, a modification known as integer 
programming may be used (33). Thus, the divisibility assump­
tion is not as restrictive as it may first appear. 
The additivity assumption may impose certain limita­
tions. It does not permit, for example, a complementary 
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relationship between any two activities, but we can get 
around this problem by dealing with products as joint 
products, as in the case of raising dairy cows for calves 
and milk. 
The finiteness assumption also, while a necessary math­
ematical requirement, does not impose restrictions on empiri­
cal investigations. It is true that water, for example, may 
be applied in increasingly small amounts on a farm. A 
farmer, however, is far from interested in considering this 
number of alternatives. Therefore, only three or four dis­
crete levels of water application may be included in the 
analysis. 
The assumption of single-valued expectations, while 
certainly unrealistic for some farming situations, may be 
partially overcome by the use of parametric techniques as 
when a proposed available water supply is allowed to vary 
(a parametric technique on water is used when the total 
supply is not known, but in this study the total supply in 
the Willcox Basin is known). This modification, however, 
does not explicitly consider the effects of, for example, 
weather variability or risk aversion. 
Components of a linear programming model The four 
necessary components of a linear programming model are: 
(1) the objective function, (2) the activities, (3) the 
constraints, and (4) the coefficients. These four components 
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first explained in words and then in mathematical terms 
under the model development section below. 
Development of the multiperiod linear 
programming model 
In this section, the model is developed and will be 
applied to data from the study area in Chapter 5. The 
analysis would extend from 19 81 through the year 2021 in 
order to provide estimations of what would happen to the 
water situation in the area of study under objectives 2a and 
2b in Chapter 1. The model is equipped with the necessary 
elements to satisfy the previous three objectives. For 
objective 2a, there will be no constraints on the amount of 
water which could be used and a maximum economic net return 
could be estimated. For objective 2b, the water would be 
rationed based on the annual recharge in the area provided 
that an economic productivity is maintained at least up to 
year 2021. For objective 2c, the model is able to deal with 
different policy options in achieving objectives 2a and 2b. 
Under each of the first two objectives (2a and 2b) 
above, four scenarios will be analyzed: (a) no-change 
scenario: where the 1981 levels of prices, costs, and yields 
will be assumed to continue every year up to 2021; (b) cost-
increase scenario: where only market costs will be assumed 
to increase by 3 percent annually and commodity prices and 
crop yields to remain constant over time; (c) price-, cost-
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and yield-increase scenario: where market prices, costs, 
and yields will be assumed to increase by 2, 3, and .7 per­
cent annually, respectively; and (d) price- and yield-
increase scenario: where market prices and yields will be 
assumed to increase by 2 and .7 percent annually and costs 
to remain constant over time. The above four scenarios 
were chosen such that scenarios b and d represent two 
extremes. On one extreme, only cost increases while price 
and yield remain constant; and on the other extreme, price 
and yield increase while cost remains constant. Scenarios 
a and c were chosen between the two extremes, and they were 
at equal distances from the extremes. Many other scenarios 
could have been chosen in addition to the four above, but 
time and resources did not permit that. Those four scenarios 
chosen above will be applied to data from the area of study 
and results will be analyzed in Chapter 5. 
Because the period of the analysis, as stated above, 
covers 40 years with the option of using the underground 
stored water over this period, and because of the transfer 
of water from one year to the next in the future, the model 
selected was a multiperiod linear programming model. A 
single-period linear program (LP) model, felt to be inade­
quate because the opportunity for using this year's water 
or accumulated past year's water, would not be reflected. 
The multiperiod linear programming model is actually a 
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recursive linear programming (RLP) model. The RLP model 
also allows for changing conditions from year to year. 
This allows the pumping costs to reflect changing water 
table conditions. 
The recursive linear programming model is an adop­
tion of the basic LP model to changing conditions of time 
that necessitate revision of parts of the LP model for 
period T+1 based upon the solution of period T and condi­
tions prevailing in period T+1. The revisions may involve 
the objective function, input-output coefficients, water 
and/or agronomic constraints. The revisions were pursued 
by a fortran program. 
General flow of the model A combination of linear 
programming and fortran program was required to study the 
simultaneous impacts of many physical and economic forces 
over time on the agricultural production process. The 
model framework chosen for this study enables a wide 
variety of forces that are related to production changes 
to be analyzed together. A schematic conceptualization 
of the key physical, economic, and agronomic forces in­
cludes commodity prices, energy costs, other factor input 
costs, crop yields, resource coefficients, and physical 
constraints (Figure 3, page 32). The physical, economic, 
and agronomic forces stated above were used to set up the 
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Figure 3. Mechanics of the multiperiod model 
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initial matrix for the first year, 1981. The simulation 
period was defined to be from 1981 to 2021 with optimum 
solutions every five-year interval. The model optimizes 
net returns over variable costs for every time period 
subject to land, water, and/or agronomic constraints. 
For every time period, water used, decline in the water 
table as a result of the water used, and additional 
natural gas required because of the water table decline 
were obtained. Adjustment of natural gas requirement for 
every next time period and scenario was introduced. The 
linear programming matrix was revised for every next time 
period and the simulation continues till the end of all 
time periods. Flowing from the model at the end of every 
time period are the outputs which include cropping pat­
tern, water use, land use, net income change, and shadow 
prices (see Figure 3, page 32) . 
Theory behind recursive linear 
programming model 
The RLP model was chosen for this study because it 
provides a profit maximizing objective function with 
flexibility to handle year-to-year adjustments in key var­
iables. The solutions to the RLP model provide: (1) an 
optimum production process with respect to maximizing 
returns over variable costs, (2) the levels of various 
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irrigated crops grown, and (3) the impact of irrigated 
crop production on the basin. It should be noted that 
there is no dry farming in the area because of high 
temperatures except for some pastures. Obtaining all of 
these results over the entire time period satisfies the 
output requirements necessary to analyze the objectives 
of this study. 
A major difficulty in the predictive application of 
the RLP model to regional multiperiod studies is the prob­
lem of aggregation error. There are far too many farms 
in the study area to treat, empirically, each as an indi­
vidual decision-making unit. Some level of aggregation 
was warranted, resulting in aggregation bias. 
However, if the author was forced to deal with many 
farms in the region, then under suitable conditions a 
single LP model for the aggregate is equivalent to a 
direct aggregation of the solutions of a set of individual 
firm models (23, p. 797). Day states, "Conditions suffi­
cient for this equivalence are proportional variations 
of resources and behavioral 'bounds'; proportional vari­
ation of net return expectations among all firms in the 
aggregate; and, finally, common technical coefficients 
which appear in the constraints on the firm's decisions." 
Recursive linear programming models must be applied to 
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geographical aggregates that are homogeneous enough to 
avoid distortions (such is the case with the Willcox Basin, 
Arizona). 
In the past, agricultural economists have used two 
approaches to regional multiperiod studies; one approach 
is to use a micro technique of programming representative 
farms to get optimal solutions and then multiply these solu­
tions times the number of representative farms to arrive at 
the aggregate solution. The second approach is a macro 
approach in which the region rather than the farm is defined 
as the unit of inquiry, thereby yielding aggregate results 
directly. The macro approach implicitly considers the 
entire region of study as the decision-making unit. The 
macro approach eliminates one type of aggregation bias but 
creates another type of aggregation error because problems 
of resource allocation within the firm are completely circum­
vented. Fixed factors of production such as irrigation 
equipment, combines, and tractors belong to individual farms 
and investment in these resources may depend on equity 
positions which the macro approach ignores (23, p. 798). 
A major advantage of the macro approach is the reduced 
data requirements so the time and cost of analysis are 
substantially less than the micro programming approach. 
Finally, if the conditions stated earlier by Day for aggre­
gation free bias hold, then the macro programming will 
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result in exactly the same value as summing the weighted 
solutions of the individual representative firms. 
The answers sought from any empirical analysis should 
dictate the approach chosen. Since the major purpose of this 
study was to describe future production and water use re­
sponse and water decline over time, the macro programming ap­
proach was chosen. The Willcox Basin was divided into two 
regions for the purpose of this study (see Figure 8, page 6 7) 
with the only difference between the two regions being the 
depth to water, 350 feet in region A and 450 feet in region 
B. The components of the multiperiod linear programming 
model will be first explained in words and then in mathe­
matical terms below. 
Explanation of the model 
Objective function The objective function of the 
model maximizes the discounted net returns from crop sales 
over time periods. The objective function, which will be 
stated mathematically later, is defined in a similar manner 
as it is defined in the theory of the firm. The decision­
making process of the firm is performed to maximize profits.^ 
A profit maximizing firm equates its marginal revenue with 
its marginal cost. In this study, the profit maximizing 
model, which is equivalent to a cost minimization problem, 
lïï = TR - TC where it is the profit, TR is the total 
revenue, and TC is the total cost. 
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will be applied to existing conditions. 
Several levels of prices and costs in the objective func­
tion will be used to trace the effect of those prices and 
costs on the value of the program and to study the economic 
implications of those changes. For example, there will be 
different crop price levels, energy cost levels, crop varia­
ble cost levels, and land classes as specified in Chapter 4. 
Activities An activity is represented by a 
single column which imposes certain quantitative demands 
on the resource constraints. For example, a wheat raising 
and harvesting activity is represented by land, labor, 
capital, fertilizer, and water required. 
The model contains crop raising and harvesting, crop 
selling, fertilizer buying, herbicide buying, insecticide 
buying, fungicide buying, energy buying, water demand, labor 
hiring, and capital borrowing activities. 
A total of 56 crop activities will be included to take 
care of the seven crops, the four land classes, and the two 
pumping regions. 
Natural gas is the main fuel used to pump the water 
for the 56 activities. Moreover, diesel, electricity, and 
liquid petroleum will be given the possibility of being used 
under varying natural gas prices. The technique to allow 
for the possibility of the three fuels other than natural 
gas is composed of three extra activities which permit the 
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conversion of a natural gas unit to any unit of the other 
three fuels. Thus, a conversion factor for each of the 
three fuels is necessary. The conversion factor from 
natural gas to diesel is 1:1.4, to electricity is 1:.034, 
and to liquid petroleum gas is 1:.93 (see Appendix A).^ In 
addition to these 56 activities, there will be 8 crop sell­
ing, 24 crop watering, 12 fertilizer, insecticide, herbi­
cide, fungicide buying, 4 labor hiring, 4 fuel buying, 
1 capital borrowing, and 1 total water accounting. Thus, 
the total number of activities will be 110. 
Constraints There are three basic types of 
constraints; (1) maximum: maximum constraints are con­
straints such that no more than a certain quantity of a 
resource may be used in production; (2) minimum: minimum con­
straints are constraints such that no less than a certain 
number of acreage or output units may be produced; and 
(3) equality; equality constraints are constraints which 
force the use or the production of a specified number of 
resource or output units. 
Constraints also may be defined on the basis of their 
purpose, for example, political, environmental, and farmers 
subjective constraints. Political constraints are 
^The conversion factors were calculated based on infor­
mation obtained from the energy hot line service (.800-532-
1114). The energy hot line is operated by Iowa State Uni­
versity and the Department of Energy. 
39 
constraints such that no more than a certain amount of an 
input can be imported from another country or state. 
Environmental constraints are constraints such that the 
level of dissolved oxygen should not drop below 4 parts 
per million in a certain river. Farmers subjective con­
straints are such that no more than 100 acres of corn should 
be produced this year. 
If the farmer who irrigates does not have a limited 
quantity of water for irrigation, and/or limited land, 
and/or limited capital, and/or a limit on some other 
resources, then the problem is not amenable to linear pro­
gramming application. On most farms or regions, there are 
numerous resource constraints and processes; thus, linear 
programming is a useful analytical tool. 
The major constraints which will be used in this model 
are amount of land in the four classes, amount of operator's 
labor, amount of labor to be hired, amount of water to be 
used, and amount of capital. 
Coefficients Coefficients specify how the 
magnitude of a constraint (or transfer row) will be influ­
enced by an increase of one unit of each activity in the 
model. In the simplest and most common case, the coeffi­
cient reflects the demand one unit of activity makes on the 
resource represented by the row in which the coefficient 
appears. Coefficients signifying a demand on a row carry 
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a positive sign (9, p. 39). 
However, certain coefficients may signify that an 
activity will "add to" the supply of resource (or other con­
straining elements) represented by a row. The coefficients 
at the intersection of a fertilizer buying column and a 
fertilizer transfer row or a labor hiring column and a labor 
row are examples. These "add to" coefficients should carry 
a negative sign in the row or rows they are augmenting (9, 
p. 39). 
Mathematically, a coefficient is denoted by a.. where 
1J 
i stands for the row number and j for the column number. 
For example, if the coefficient is agg, then the coefficient 
is in the intersection of row two and column three. All the 
sources of obtaining the coefficients for this study are 
listed under the data needs section (Chapter 4). For more 
information on linear programming, see references 1, 9, 28, 
and 39, which are used in developing and will be used in 
applying the model. 
Mathematical explanation of the model 
Mathematically, the multiperiod linear programming model 
consists of two parts, the linear programming part and the 
adjustment part. The adjustment part uses a Fortran model 
to pursue the adjustments and reversions which occur between 
the time periods. 
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The linear programming part 
Define; i = 1, 7 for the crops produced, 
t = 1, 40 for the years or planning 
period, 
j = 1, 2 for the regions of production, 
k = 1, ..., 4 for the land classes, 
m = 1, . 
n = 1, . 
r = 1, . 
used 
s = 1, . 
used 
u = 1, . 
used 
p = 1, . 
4 for the fuels used, 
., 4 for the quarters of a year, 
., 3 for the types of fertilizer 
., 3 for the types of herbicides 
., 5 for the types of insecticides 
and 
., 12 for the months of a year. 
Maximize 
""t - u+r)t 'I f 
J "nt^nt " " I " 
Z - Z 9ut:HSut -
s u 
Subject to: 
1. Existing cropland constraints 
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Labor constraints 
^ ^iknt ^ijkt " ^ ^®nt 
I  
ijk^iknt ^ijkt ~ ^ nt 
Irrigation water constraints 
ijkp *ikpt*ijkt = Tt 
Fuel use constraints 
°ikiiit^ijkt ~ ®int 
Production rows constraints 
^ijkt ^ijkt ~ ®it 
Capital requirement constraints 
^ blijkt ^ijkt ^ ^^ijkt ^ijkt 
blijkt ^ijkt ^ ^ ^ijkt ^ijkt 
Fertilizer requirement constraints 
, I "ikrt H j k t  '  
1JK 
Herbicide requirement constraints 
.? f^ikst ^ijkt ^ H*Bst 
X]K 
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9. Insecticide requirement constraints 
ï "ikut Xljkt i ™®ut 
IJK 
10. Fungicide requirement constraints 
"ikt Xijkt - FMGt 
where : 
= price of crop i, at time t ,  
Qit = quantity of crop i produced, at time t, 
°ijkt ~ cost per acre for growing crop i on existing 
cropland classified as land class k, in region j, 
at time t, 
Xijkt = acres of crop i on existing cropland classified 
as land class k, in region j, at time t, 
d^^ = per unit fuel cost for fuel type m, at time t ,  
E . = total units of fuel m used at time t, 
mt 
5,^^ = per hour labor wage paid during the nth quarter 
of the year, at time t, 
Lnt = total hours of labor used in the nth quarter, at 
time t, 
e^ = per unit cost for borrowing capital for crop pro­
duction, at time t, 
= total capital used for crop production, at time t, 
g^ = per unit cost for water used, at time t, 
= total water used for crop production, at time t, 
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= per unit cost of fertilizer, type r, used for 
crop production, at time t, 
FRTj.^ = total amount of fertilizer, type r, used for 
crop production, at time t, 
Zg^ = per unit cost of herbicide, type s, used for 
crop production, at time t, 
HRBg^ = total amount of herbicide, type s, used for crop 
production, at time t, 
= per unit cost of insecticide, type u, used for 
crop production, at time t, 
INSjjt ~ total amount of insecticide, type u, used for 
crop production, at time t, 
= per unit cost of fungicide used for crop produc­
tion, at time t, 
FNG^ = total amount of fungicide used for crop produc­
tion at time t, 
LND., . = total available land of class k, in region j, at jKt 
time t, 
^iknt ~ acre labor requirement to produce crop i, 
on land class k, during the nth quarter of the 
year, at time t, 
LABnt = total hours of labor available in the nth quarter, 
at time t, 
Wikpt ~ per acre water used to produce crop i, on land 
class k, during the pth month of the year, at 
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time t, 
°ikmt ~ PGr acre fuel used to produce crop i, on land 
class k, using fuel type m, at time t, 
Yijkt ~ per acre yield of crop i, in region j, grown on 
land class k, at time t, 
blijkt = per acre owned capital used for growing crop i, 
in region j, on land class k, at time t, 
b2ijkt = per acre capital borrowed for growing crop i, 
in region j, on land class k, at time t, 
CAP^ = total capital available for crop production, at 
time t, 
^^ikrt ~ P^r acre use of fertilizer type r, for growing 
crop i, on land class k, at time t, 
f2ikst ~ per acre use of herbicide type s, for growing 
crop i, on land class k, at time t, 
fSikut ~ per acre use of insecticide type u, for growing 
crop i, on land class k, at time t, and 
f4^^^ = per acre use of fungicide for growing crop i, 
on land class k, at time t. 
The adjustment part 
This part of the model uses a Fortran model to revise 
and adjust the over time changing variables. The variables 
are cost of groundwater pumping, commodity prices, crop var­
iable costs except input costs, input costs except water 
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costs, and crop yields. 
Groundwater pumping; revised groundwater coefficients 
adjustment formula 
TWATR = WATRl + WATR2, 
GWATR = OGWATR - TWATR x INT + 51,000 X INT, 
TAREA = 367,370 
DWATR = (OGWATR - GWATR)/(TAREA x .16) 
GAS = .2208 X DWATR 
GPRICE = GAS X .297 (1 + RATG X INT) 
TWCOST^+1 = GPRICE + M&A + WCOST^ 
where : 
TWATR is the equation used to add water pumped from 
regions A and B to obtain total water pumped in 
the area of study in each period in acre-feet, 
WATRl is the total water pumped from region A during 
the whole year in acre-feet, 
WATR2 is the total water pumped from region B during 
the whole year in acre-feet, 
GWATR is water remaining in the basin after subtracting 
the total water pumped from the area plus re­
charge over every five-year interval from original 
groundwater stock in acre-feet, 
OGWATR is original groundwater available in the basin 
in 1981 in acre-feet. 
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INT is the interval which is five-year period, 
TAREA is total area of the basin in acres, 
DWATR is the decline in water table calculated by sub­
tracting groundwater remaining in the basin from 
original groundwater and then dividing by water 
in storage in the basin, in acre-feet; .16 is 
the coefficient of storage in the basin, 
GAS is the amount of gas needed to pump the water 
through the additional feet of decline. The 
figure .2208 is the amount of natural gas, 
measured in Therms^, required to pump one acre-
foot of water one foot of lift, 
GPRICE is the amount cf extra gas used multiplied by the 
unit price of natural gas (.297) taking into 
account the rate of natural gas price change 
over the time interval, 
RATG is the annual rate of natural gas price change over 
time, 
TWCOST^^^ is the total cost per acre foot of water in year 
t+1 which is composed of the extra gas price, 
maintenance and attendance cost, and water cost 
per acre foot in year t (WCOST^). 
^A Therm is defined as a unit of amount of heat for 
measuring the amount of gas used in a house etc., equal to 
100,000 British thermal units, or 25,200,000 calories. 
48 
Commodity price : revised commodity price coefficients 
adjustment formula 
CPat = CPat-l'l + V 
where : 
is per unit price of commodity a, at time t, 
CPat_i is per unit price of commodity a, at time t-1, 
is annual rate of change in the per unit price 
of commodity a, and 
T is the time interval over which the increase is 
taking place. 
Crop variable costs except input costs ; revised crop 
input coefficients adjustment formula 
V C J T  =  +  O . T )  
where ; 
VC.. is per acre variable cost of crop j, at time t, 3 T-
VC.. , is per acre variable cost of crop j, at time t-1, 
J t—i 
Cj is annual rate of change in per acre variable 
costs, and 
T is defined above. 
Input costs except water costs ; revised input cost 
coefficients adjustment formula 
IPCit = IPCit-l'l + ri?) 
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where; 
IPC^^ is per unit input cost of input i, at time t, 
is per unit input cost of input i, at time t-1, 
r^^ is annual rate of change in the per unit input 
cost of crop i, and 
T is defined above. 
Crop yields ; revised crop yield coefficients adjust­
ment formula 
YLDbt = + y^T) 
where: 
YLDfot is per acre crop yield for crop b, at time t, 
YLDj^^_^ is per acre crop yield for crop b, at time t-1, 
y^ is annual rate of change in per acre yield of 
crop b, and 
T is defined above. 
It must be mentioned that $5.7 have been added to 
every acre's variable cost of any crop grown on land 
classes II and III because these land classes experience 
wind soil erosion problems (69, p. 30). The $5.7 charge 
was calculated based on a soil loss rate of 6 tons per acre 
per year and a minimum tillage cost of $.95 per ton per 
acre (70, p. 62). 
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Implication of the Alternative Policy Options 
Even though rights in surface water exist through the 
doctrine of Prior Appropriation and in groundwater through 
an intent to drill policy, the Water Resource Commis­
sion (WRC) of Arizona maintains a measure of control over 
water use. For example, the declared policy of Arizona 
Ground Water Law is to preserve and protect the ground 
water resources from waste. Since water is being pumped in 
excess of average annual recharge, "waste" is already occur­
ring. The Arizona Water Resources Commission has the power 
to order proper spacing of wells to insure an orderly with­
drawal of water in relation to average annual recharge. It 
can also require metering of wells and metering of water 
obtained from streams to keep a record of amounts pumped. 
There are in Arizona what is called active planning areas 
and uncontrolled areas. Willcox Basin, the area of study, 
is one of the uncontrolled areas. That is, farmers in the 
area can irrigate any possible number of acres of land, 
which implies they can pump any amount of water provided it 
is applied to a beneficial use. It is hoped that in the 
near future, Willcox Basin may become an active planning 
area where water allocation can be given the first priority. 
The existence of regulatory power and exercising this 
power are two different matters. Many questions require 
answers before policy makers can suggest water control 
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measures as a feasible alternative to withdrawals at the 
current rate. First, the effect of continued withdrawals 
at the current rate needs documentation. Second, the 
relevant alternative water use constraints must be estab­
lished. Third, the effect of each alternative control 
measure on water use, net farm income, private versus social 
costs, the pattern of regional production and the impact on 
regional income needs to be evaluated. Fourth, the present 
value of streams of income resulting from the alternative 
water-use restraints must be computed before policy makers 
can recommend a course of action. 
Two institutional alternatives appear capable of more 
closely aligning marginal private and marginal social costs. 
The first of these is limiting the quantity of water each 
irrigator is allowed to pump per year. The socially opti­
mal limitation, as depicted in Figure 4, page 52, is oa 
acre-feet per individual. By limiting individual pumpers 
to oa acre-feet, the objective of forcing alignment of MSG 
and MVP is achieved and a socially optimal allocation of 
water resources results. 
Theoretically, limiting water use to socially optimal 
levels through the use of a quantity limitation is sound. 
From a practical standpoint, several problems arise. First, 
a quantity limitation works best when annual recharge is 
larger relative to water use. The limitation can be set to 
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MPC MSG 
MPC 
m 
0^ 
< 
—I 
O 
a 
MVP 
ACRE FEET 
Figure 4. The effect of a quantity limitation on divergence 
of private and social costs and resource alloca­
tion 
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a "safe-yield" for the aquifer and socially optimal resource 
allocations achieved (the idea of safe-yield is explained 
before). However, if recharge is negligible relative to 
current water usage, and such is the case in the study 
area, limitation of water use to a safe-yield, or to the 
amount of average annual recharge, would not be economic. 
A realistic quantity limitation might be ob acre-feet per 
year in Figure 4, page 52. If the irrigator is forced to 
observe the quantity restriction, with the alternative be­
ing a severe penalty in the form of a fine or assessment, 
he will consider only MPC out to ob acre-feet of irrigation 
water per year. Then, however, the marginal private cost 
curve becomes vertical. At point f, the MVP of additional 
irrigation water exceeds the MPC of that water. However, a 
fine or assessment equal to or greater than fg will provide 
sufficient incentive for the irrigator to consider marginal 
private cost curve MPC' and restrict pumping to ob acre-
feet per year. Under restricted pumping, water use is 
greater than the socially optimal level of oa acre-feet per 
year, but less than be acre-feet per year. 
A second institutional alternative is for the Water 
Resources Commission to place a tax on each acre-inch or 
acre-foot of irrigation water pumped during the crop year. 
The effect on the optimal allocation of irrigation water by 
an individual producer is shown in Figure 5, page 54. Since 
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Figure 5. Illustration of the effects of alternative tax 
measures on the divergence of private and social 
costs and resource allocation 
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the analysis is static, the MVP curve remains constant. A 
per unit tax on each acre-foot of irrigation water pumped 
shifts the marginal private cost (MPC) curve upward. If 
the tax is a constant rate per unit equal to hk in Figure 
5/ page 54, the new marginal private cost curve (MPC) is 
parallel to and above the old MPC curve. Rather than pump­
ing oc acre-feet per year, the individual irrigator equates 
MVP and MPC', reducing the number of acre-feet pumped to ob. 
However, ob acre-feet exceeds the socially optimal oa acre-
feet by an amount equal to ab. If the constant tax rate is 
raised to de dollars per acre-foot, the producer will con­
sider the full private and social costs of pumping irriga­
tion water. The tax rate de per unit shifts the MPC curve 
upward to MPC". This tax rate induces the producer to 
optimally allocate water by equating MVP and MPC", result­
ing in the socially optimal oa acre-feet of irrigation water 
being pumped. A per unit tax of de would generate revenue 
for the controlling agency equal to the rectangle fged. 
The excess of social over private cost is only hed. Clearly, 
revenue generated exceeds the divergence of private and 
social costs when the tax rate is de per unit. Several 
alternatives exist to utilize the revenue. One is to 
return a portion of the revenue collected to pumpers as 
a bonus unrelated to the quantity of water pumped. This 
approach would involve an income transfer from the larger 
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to the smaller pumpers. A second alternative is to return 
a portion of the revenue to pumpers with payments being 
inversely related to the quantity pumped. This method of 
payments provides an incentive to reduce pumping. 
The optimal per unit tax for all water users is not 
the constant de per unit of water pumped. This tax rate 
is optimal only for the marginal unit at oa acre-feet. For 
units less than oa, the optimal rate would be a graduated 
tax which, for any point between o and a, equates MPC and 
MSG (54, p. 434). 
A slightly different approach to taxing water use is 
taken in this study. No attempt was made to impose a tax 
of sufficient magnitude to align MPC and MVP at the socially 
optimal level of water use. Instead, the individual irri­
gator is allowed to pump without taxation until a quantity 
limitation, such as the limitation discussed in Figure 4, 
page 52, is reached. Once the quantity limitation is 
attained, additional water is pumped only if the irrigator 
is willing to pay a substantial tax on each unit of water 
pumped above the quantity limitation. This situation is 
presented graphically in Figure 6, page 57. Quantity oa 
represents the socially optimal allocation of the water re­
source at the point where MVP equals MSG. Quantity od 
represents the optimal allocation of water by the individual 
producer who considers only private costs in equating MVP 
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Figure 6. The effect of a gradual tax per unit pumped 
above a quantity limitation on divergence of 
private and social costs and resource alloca­
tion 
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and MPC. Quantity ob represents the number of units of 
water pumped by an individual irrigator under the quantity 
restriction depicted in Figure 6, page 57. Assume that 
once ob units have been pumped, the irrigator must pay a 
per unit tax equal to fg on the marginal unit pumped above 
ob units. In effect, the irrigator must now consider 
marginal private cost curve MPC. At ob units of water 
pumped, MPC* is less than MVP. The economically rational 
producer will expand water use to oc units where MPC 
equals MVP. 
Both ob and oc are less than quantity od pumped with­
out restrictions, but both exceed the socially optimal 
rate of oa acre-feet per year. Thus, neither the quantity 
restriction nor graduated per unit tax considered here 
will successfully enforce a socially optimal allocation 
of irrigation water. However, from society's standpoint, 
both are to be preferred over unrestricted pumping because 
both reduce the divergence of private and social costs. 
Another group of institutional alternatives which 
include acreage allotments, subsidies, and prohibition 
could be pursued to restrict water pumping. Acreage allot­
ment programs are common and have different purposes. They 
consist of (1) restricting the acres irrigated to a certain 
number based on amount of water to be pumped, and 
(2) restricting the number of acres of a certain crop because 
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of its abundance and hence its low producer price. In this 
study, the first version of acreage allotment is applica­
ble. Subsidies to farmers who use less water could be 
given, but the society will bear the burden of providing 
the funds. Prohibition could be used if the situation of 
water withdrawal is so severe, and this is not the situation 
in the Willcox Basin. Moreover, in a democratic society, 
prohibition cannot be applied except in a few situations 
where toxic materials are involved. 
The institutional alternatives by no means exhaust 
the possibilities. Additional restraints might include: 
(1) a lump sum tax or well tax on each irrigation well; 
(2) a limit on the number of wells per section or per 
farm; and 
(3) a limit on well spacing. 
Time does not permit evaluation of every possible alterna­
tive. However, one might say that those alternatives which 
do not force the irrigator to consider marginal social 
costs as well as marginal private costs will do little 
to eliminate the divergence of private and social costs. 
In this section, problems of resource allocation and 
institutional alternatives have been treated from the 
standpoint of static economic theory. It must be emphasized 
that weather uncertainty adds a degree of complexity to 
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the analysis. The actual situation is dynamic rather 
than static. That is, the marginal value product curve 
for the water resource has an expected value and vari­
ance. Irrigators attempting to optimally allocate the 
resource act upon the expected value, however, do not 
know whether the allocation is optimal until the growing 
season is complete. A dynamic MVP curve complicates 
specification of the optimal allocation of water under the 
various water-use regulatory alternatives. No attempt is 
made here to incorporate dynamics into the analysis. The 
reader should be aware of the complexities inherent in 
the transition from static theory to dynamics. 
Maximization of long-run social benefits from the 
use of water was previously cited as the dominant goal 
of water resource use. Prom society's standpoint, water 
is optimally allocated when individual irrigators con­
sider marginal social costs rather than marginal private 
costs in allocating water resources. The water-use regu­
latory alternatives suggested herein are admittedly not 
designed to force irrigators to consider the full marginal 
social costs of water use. However, they do provide policy 
makers with viable alternatives to unrestricted water use 
while inducing irrigators to narrow the divergence between 
private and social costs. 
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Aside from society's interests, how can the irrigator 
evaluate various water-use regulatory devices? The eco­
nomic problem facing the irrigator and an appropriate 
decision model are presented in the next section. 
The Value of Water as a Stock Resource and a 
Net Returns Discounting Technique 
Water in the Willcox Basin, Arizona, has been described 
as a stock resource because its quantity is being depleted, 
and future water-use rates are being diminished as well. 
The real economic problem is one of the factor-factor 
substitution. Water represents both factors. However, 
water in the current time period is considered as a dif­
ferent factor from the same water in a later period (46, 
p. 1118). The allocation problem is to determine in which 
time interval the marginal value product of water is the 
greatest. The decision is made by comparing the present 
value of discounted streams of net returns resulting from 
alternative water application rates. 
The discounting model is composed of several essential 
components. First, a stream of net returns from each 
institutional alternative or scenario is necessary. 
Second, the appropriate discount rate must be provided. 
The discount rate reflects the irrigator's time preference 
for income, the degree of uncertainty which exists in his 
62 
mind regarding the future, and the operator's opportunity 
cost for alternative investments. Third, the number of 
years over which the analysis is to be conducted must be 
provided. The model may be written as: 
where equals the present value of a stream of net 
returns, discounted and summed, NRj equals net returns 
for years j = 1, 2, ..., n, and i equals the appropriate 
discount rate. 
To evaluate alternative restraints or scenarios, the 
present value of the stream of net returns from each must 
be computed. The choice criterion for the individual ir­
rigator is that the alternative with the greatest present 
value of net returns is to be preferred over all other 
alternatives. 
Consider the three institutional alternatives to be 
evaluated. (1) Under the alternative of unrestricted pump­
ing, those irrigators pumping from poor water situations 
are likely to experience higher net returns, in initial 
periods. However, in later years, as the water table de­
clines rapidly, pumping costs rise and acres are con­
verted to dryland production, net returns will likely 
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fall more rapidly than under the other two alternatives. 
Irrigators pumping from an adequate water situation will 
likely maintain high levels of net returns throughout 
the period. (2) Under the quantity restriction, net 
returns for irrigators in a poor situation should be 
lower than under unrestricted pumping because the rate 
of water application is correspondingly lower. However, 
reasonable net returns should be sustained for a some­
what longer period since water levels are slower to 
fall and pumping costs slower to rise. Irrigators in 
adequate water situations should experience lower levels 
of net returns, throughout the period of analysis, than 
under unrestricted pumping. (3) The effect of the grad­
uated tax alternative is much more difficult to predict. 
The irrigator pumps relatively more water in early periods 
than under the quantity limitation but less than under 
the unrestricted alternatives. The water table and 
well yields decline more rapidly than under the quantity 
limitation, but less rapidly than under the unrestricted 
alternative. Net returns should be high in early periods, 
but fall in later periods as the water table declines 
and pumping costs rise. The relative relationship that 
will exist among net income for the graduated tax alter­
native versus the quantity restriction and unrestricted 
pumping is subject to speculation. There is a possibility 
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that the net returns under the tax alternative may approach 
or exceed net returns under the unrestricted alternative 
to water use. This possibility rests upon two conditions: 
First, that irrigators pumping without restrictions will 
utilize the water resource to the point where its marginal 
value product is very low, and second, that the marginal 
value product of irrigation water on which the tax is 
charged is quite high. This combination of factors, coupled 
with a more rapid pumping rate and rapidly rising pumping 
costs for the unrestricted alternative, could lead to nearly 
the same, or even higher, net returns for the graduated tax 
alternative. Net returns under the graduated tax alterna­
tive should exceed those under the quantity restriction. 
The effects of alternative institutional water use 
restraints on regional income are of great interest to policy 
makers and businessmen within the region. The effects of 
a declining water supply, up to the point where farms are 
forced to return to dryland farming, will be mixed within 
the region. As the water table declines and pumping costs 
rise, net farm income will decline. However, this decline 
in net farm income is a reflection of higher costs of pro­
duction in the form of higher costs of pumping water. In 
general, the increased expenditures in the form of higher 
pumping costs will be reflected in regional income. As 
long as the cause of declining farm net income can be traced 
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to increased production costs for items purchased within 
the regional economy, it seems reasonable to assume that 
the expenditures will retain their power to generate 
personal income in the community (46, p. 1121). Thus, the 
impact on regional income of irrigating from a declining 
water supply may not be significant until farm operators 
are forced to convert irrigated acres to dryland acres and 
abandon irrigation farming as a way of life. 
Next chapter deals with the area of study in detail 
to familiarize the reader with all relevant information 
needed in order to fully understand this report. 
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CHAPTER 3. AREA OF STUDY 
Location and Extent of the Area 
The area of study is the Willcox Basin in the northern 
part of the Sulphur Springs Valley, Arizona (Figure 7, page 
67a). The Sulphur Springs Valley is located in Cochise and 
Graham Counties and extends 130 miles south to north. The 
Willcox Basin is an area of interior drainage that is topo­
graphically and hydrologically separate from Douglas Basin, 
which is in the southern part of the Sulphur Springs Valley. 
The east side of the Willcox Basin is bounded by the Pina­
leno, Dos Cabezas, and Chiricahua Mountains; the west side, 
by the Galiuro, Winchester, Little Dragoon, and Dragoon 
Mountains. The Willcox Basin is about 48 miles wide at its 
widest point, between the crests of the Little Dragoon and 
the Chiricahua Mountains. It is about 65 miles long from 
the northernmost point in the Pinaleno Mountains to the south 
end. The Willcox Basin comprises about 1,500 square miles, 
of which the valley floor occupies about 950 square miles. 
Excluding the Playa area, not suitable for cultivation 
because of excess salt, the total acreage which could be 
cultivated is 50,000 acres. However, only 34,000 acres were 
cultivated in 1981 because of the scarcity of water for irri­
gation.^ There are about 140 farms in the Willcox Basin, 
^Jim Ditton, Director of Agricultural Stabilization and 
Conservation Service, USDA, Willcox, AZ, personal interview, 
1981. 
Figure 7. The area of study, Willcox Basin, Arizona (Source: 
U.S. Geol. Survey, Federal Bldg., Tucson, AZ) (71) 
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averaging about 320 acres in size. The main crops grown 
are alfalfa, corn, milo, pinto bean, upland cotton, and 
wheat. 
Climate 
The climate of the Willcox Basin is characterized by 
hot summers and cool, moderate winters. Convective-type 
thunderstorms produce intense rains of short duration from 
July to September. Frontal-type storms produce light general 
rains and snow in the winter. July and August have the great­
est precipitation and April and May the least. The average 
O 
annual pan evaporation in the Willcox Basin is 84.59 inches, 
which is more than seven times the average annual precipita­
tion. 
Although changes in water-level trends may correspond 
to periods of greater or lesser precipitation, the changes 
are probably not due to ground-water recharge from direct 
precipitation. Any change in water level may reflect the 
reduction or increase in ground-water withdrawal necessary 
for crop production during these periods. 
Topography and Drainage 
The Willcox Basin is a northwest-trending valley that is 
bordered on the east and west by dissected mountain chains. 
2 Class A evaporation pan, 4 feet in diameter and 10 
inches in depth. 
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The highest point along the east boundary of the basin is 
Mount Graham, which has an altitude of 10,713 feet above sea 
level. The highest point along the west boundary of the 
basin is Reiley Peak, which has an altitude of 7,631 feet 
(14, p. 8). 
Topographically, Willcox Basin is a closed basin that 
has interior drainage to the Willcox Playa, which occupies 
the lowest part of the valley. Willcox Basin is character­
ized by three major topographic features—the mountains, 
the stream-built slopes, and the playa flat. 
The mountains rise abruptly from beneath the alluvium 
that forms the valley floor. The mountain areas are composed 
of older rocks that have been uplifted, structurally deformed, 
and dissected by stream erosion, which has curved a rugged 
topography of great relief, steep slopes, and deep canyons. 
The streams head in the mountains and spill out onto 
the gently sloping alluvial valley floor at about right 
angles to the mountain fronts. The streams deposit their 
sediment load on the alluvial slopes as the strength of the 
flow is reduced by seepage and evaporation. The alluvial 
slopes are steepest near the mountains and become much 
flatter toward the central playa flat. Most of the stream 
flow that issues from the mountain fronts disappears before 
it reaches the central playa flat. 
The Willcox Playa is a large, roughly "lamb chop" shaped 
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barren flat in the southcentral part of the basin. The 
playa floor is a few feet below the surrounding surface 
because of the deflating action of the wind; it is bounded 
along its south edge by low beach ridges formed by the wave 
action of ancient Lake Cochise (51, p. 34-35). A series of 
wind-built ridges and hills has formed along the northeast 
edge of the Willcox Playa southeast of Willcox. 
Effects of Ground-water Development 
The ground-water system in an undeveloped basin is in 
approximate hydrologie equilibrium. That is, the long term 
recharge equals the long term discharge, although short term 
recharge and discharge rates may be far out of balance. 
When wells are drilled and water is removed from the ground­
water system, certain changes take place. As a well is 
pumped, the water level in the well is drawn down below the 
nonpumping level, water levels in the surrounding area are 
lowered, and ground-water moves toward the pumped well. If 
several wells tap the same aquifer in an area, the drawdown 
caused by pumping one well adds to that caused by pumping 
another, and the resulting drawdown in any of the wells is 
greater than it is if only a single well is pumped. Grad­
ually the cones of depression (a cone of depression is the 
drawdown curve describes a conic shape in a multi-dimensional 
case (68/ p. 82)) expand enough that all discharging wells in 
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an area affect one another. The result is a general lower­
ing of the water level in that area. 
The water supplies in the Willcox Basin are obtained 
principally from the ground-water reservoir, and most of 
the ground-water pumped is withdrawn from storage. Recharge 
to the aquifers is small compared to the amount of water 
pumped each year. Underflow to the natural discharge area 
has decreased.• In Stewart and Kansas settlement areas (area 
of study), the direction of ground-water movement is toward 
the centers of pumping and away from the natural discharge 
area (14, p. 21). 
History of Pumping Ground-water for Irrigation 
Some ground-water has been used for irrigation in the 
Willcox Basin since about 1910, but it was not until the 
mid-194Os that significant amounts were withdrawn. Meinzer 
and Kelton (51) indicated that about 100 wells, excluding 
many wells equipped with windmills, were in use in 1910 in 
the Sulphur Springs Valley. How many of these wells were 
in the Willcox Basin is not known, but Meinzer and Kelton 
indicated that the area northwest of Willcox was the most 
highly developed. The capacity of these wells ranged from 
20 to 1200 gallons per minute; the average discharge was 
less than a few hundred gallons per minute. Quinton et al. 
(Engineers, Los Angeles, written communication, 1928) stated 
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that in 1928 about 25 pumping plants supplied irrigation water 
for about 2,000 acres of land in the Stewart area. About 2 
acre-feet of water per acre were supplied for irrigation. 
Thus, at that time about 4,000 acre-feet of water per year 
were withdrawn from the ground-water reservoir in the Stewart 
area (14, p. 10). 
In 1945, the first year for which pumpage was computed 
by the geological survey, the total amount of ground-water 
pumped for irrigation was about 10,000 acre feet; in 1963, 
about 180,000 acre-feet were pumped; and in 1980, about 
139,000 acre-feet. It was estimated that about 1,860,000 
acre-feet of water were pumped for irrigation in the 
Willcox Basin through the 196 3 irrigation season; 680,000 
acre-feet were pumped from the Stewart area, 990,000 acre-
feet from the Kansas Settlement area, and 190,000 acre-feet 
from the Pearce-Cochise area (14, p. 10). 
Stewart area 
The Stewart area is north of the Cascable Road, north of 
U.S. Highway 666, and south of the Graham-Cochise County line 
(Figure 8, p. 73). Irrigation with ground-water in this area 
began as early as 1910. Prom 1945 through 1980, irrigation 
pumpage increased from 8,000 to about 139,000 acre-feet per 
year (14, p. 23). 
Figure 8. Part of a topographie map showing the area of study which consists of 
Stewart area and Kansas Settlement area (Source: U.S. Geol. Survey, 
Tucson, AZ) (71) 
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Kansas Settlement area 
The Kansas Settlement area is east of the playa, south 
of state highway 186, west of state highway 181, and north of 
the topographic divide that separates the Douglas and Willcox 
Basin (Figure 8, p. 73). Large-scale pumping for irrigation 
in the Kansas Settlemenet area began in 1953. In the 1952 
irrigation season, the estimated pumpage was only 6,000 
acre-feet, but by 1953, the pumpage had increased to more 
than 50,000 acre-feet. Maximum annual pumpage up to 1980 
occurred in 1974, when 339,000 acre-feet were pumped (14, p. 
24) . 
Water Level Changes 
The amount of ground-water being withdrawn annually in 
the Willcox Basin greatly exceeds the amount of recharge, 
resulting in an overall decline of water levels in the basin. 
During the pumping season, the water levels in wells in the 
irrigated areas decline at a rapid rate; when the wells are 
shut down at the end of the pumping season, the levels partly 
recover but do not attain the original static level. The 
rate and amount of decline in water levels is related to the 
amount of water withdrawn and the length of the pumping 
season. There are two types of the fluctuations causing the 
change in water levels, fluctuations due to cyclic pumping, 
and changes related to increasing ground-water withdrawal. 
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Fluctuations due to cyclic pumping 
At the beginning of the irrigation season, the water 
levels decline at a rapid rate until the cone of depression 
expands sufficiently to bring water toward the well at a 
rate equal or nearly equal to the pumping rate. The water 
level then continues to decline at a slower rate until pump­
ing is discontinued. In the irrigated areas, particularly 
in the Stewart and Kansas Settlement, water levels are low­
est at the peak of the irrigation season. At the end of the 
irrigation season when pumping stops, water levels begin to 
rise and continue to recover until pumping begins again. 
Changes related to increasing ground­
water withdrawal 
A ground-water system in an undeveloped basin, which the 
Willcox Basin was in 1910, is assumed to be in equilibrium— 
that is, the long-term recharge equals the long-term dis­
charge by evaporation, transpiration, and all other sources. 
Meinzer and Kelton (51), however, reported that water levels 
in two domestic wells near Willcox declined 7 feet in the 35 
years prior to 1910. These declines could be interpreted to 
indicate that discharge exceeded recharge and that the water 
table in the Willcox Basin was adjusting itself to a lower 
level. It is more likely, however, that these reported 
declines were caused by development of cones of depression 
around the individual wells during 35 years of use. 
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In the Stewart area, ground-water levels have declined 
steadily since 1910. The cumulative change graphs show 
declines ranging from 10 to more than 60 feet since 1952 
(14, p. 28). The cumulative average annual change since 
1952 for all wells of record in the Stewart area shows an 
average annual decline of nearly 30 feet (14, p. 29). 
In Kansas Settlement area, the average water level 
decline was less than one foot from January 1952 to February 
1953, but from 1953 to 1954 the average water-level decline 
was almost 4 feet below the 1952 level (14, p. 29). In 1963, 
the average decline in all observation wells since 1952 was 
80 feet. Prom 1963 to 1980, the decline was from 5 to 10 
feet annually. The water level rises may be explained in two 
ways. First, wells drilled in this area commonly are perfor­
ated from static water level to the bottom of the casing; the 
perforations allow the deeper water that may be at higher 
head to circulate upward in the well casing and into the 
shallower aquifers. Second, the water-level rises may be 
caused by infiltration of excess tailwater from irrigated 
fields; the tailwater runs off onto the sandy surface soil 
nearer the playa and percolates into the ground-water 
reservoir. 
Soil types and locations 
The soils in the area are mainly nearly level, but some 
are moderately steep. Most soils are suitable for most 
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crops, but the saline-alkali affected soils adjacent to the 
Willcox Playa and the steeply sloping soils are not. Much 
of the acreage is used for crops, and all crops are irri­
gated. The rest is used as range for beef cattle (69, p. 1). 
General Soil Map 
The general soil map (Figure 9, p. 78) shows the soil 
associations and locations in the Willcox Basin. A soil 
association is a landscape that has a distinctive propor­
tional pattern of soils. It normally consists of one or 
more major soils and at least one minor soil, and it is 
named for the major soils. The soil in one association may 
occur in another, but in a different pattern. 
The soils in the area are grouped into eight general 
kinds of landscape for broad interpretative purposes. Each 
soil association is described below. 
Gothard-Crot-Stewart Association 
These soils are nearly level, moderately well-drained 
and somewhat poorly drained, deep to very shallow, very 
slowly permeable, saline-alkali affected soils. 
This association covers about 29 percent of the area. 
It is about 30 percent Gothard soils, 20 percent Crot soils, 
and 10 percent Stewart soils. The Willcox Playa and traces 
of Duncan and Cogswell soils and Tornionthents, hummocky, 
make up about 40 percent of the association. 
Figure 9. The general soil map of the area of study 
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This association is used for range and for homesites 
and other community purposes. The soils are a source of 
sand, gravel and road fill. They are only marginally suited 
to irrigated crops because of the salt and alkali content. 
Pima-Guest association 
These soils are nearly level, well-drained, deep, 
slowly permeable and moderately slowly permeable soils on 
flood plains and low terraces. 
This association covers about 8 percent of the area. 
It is about 80 percent Pima soils, 15 percent Guest soils, 
and 5 percent Cogswell soils. 
This association is used for irrigated crops, for 
range, and for homesites and other community purposes. 
Grabe-Comoro association 
These soils are nearly level, well-drained, deep, moder­
ately permeable and moderately rapidly permeable soils on 
flood plains and low terraces. 
These associations cover about 13 percent of the area. 
It is about 55 percent Grabe soils, 30 percent Comoro soils, 
and 15 percent Tubac and Sonoita soils. 
This association is used for irrigated crops and for 
range and in some areas for homesites and other community 
developments. 
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Vinton-Dry Lake association 
These soils are nearly level and gently sloping, well-
drained and moderately well-drained, deep, slowly perme­
able and moderately rapidly permeable soils on low terraces. 
This association covers about 3 percent of the area. 
It is about 45 percent Vinton soils, 35 percent Dry Lake 
soils, and 20 percent Crot and Karro soils. 
This association is used mainly for range, but some 
isolated areas are used for irrigated crops. 
Karro-Elfrida association 
These soils are nearly level, well-drained, deep, 
moderately slowly permeable soils on valley plains and flood 
plains near old lake margins. 
This association covers about 9 percent of the area. It 
is about 50 percent Karro soils, 40 percent Elfrida soils, 
and 10 percent Pima and Grabe soils. 
This association is used for irrigated crops, for range, 
and for homesites and other community purposes. 
McAllister-Frye association 
These soils are nearly level, well-drained, deep and 
moderately deep, slowly permeable and moderately slowly 
permeable soils on valley slopes and plains. 
This association covers about 4 percent of the area. It 
is about 70 percent McAllister soils, 25 percent Frye soils, 
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and 5 percent Tubac and Pima soils. 
The association is used for irrigated crops, for range, 
and for homesites. 
Tubac-Sonoita-Fomest association 
These soils are mostly nearly level to gently sloping, 
well-drained, deep, slowly permeable to moderately rapidly 
permeable, mainly reddish-colored soils on fans and valley 
slopes. 
The association covers about 30 percent of the area of 
study. It is about 45 percent Tubac soils, 20 percent 
Sonoita soils, 15 percent Fomest soils, and 20 percent Pima, 
Coman, and Pridham soils. 
This association is used for irrigated crops, for range, 
and for homesites and other community purposes. 
Kimbrouqh-Luzena-Cane association 
These soils are nearly level to moderately steep, well-
drained, shallow and very shallow, moderately permeable and 
slowly permeable soils over a lime-indurated hardpan or 
bedrock on alluvial fans, valley plains, and hills. 
This association covers about 4 percent of the area. 
It is about 55 percent Kimbrough soils, 25 percent Luzena 
soils, 15 percent cave soils, and 5 percent Tubac and Comoro 
soils. 
The association is used for range and in some places for 
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homesites. The soils are generally not suitable for culti­
vation, because they are either shallow or very shallow. 
The above eight general types of soil are further 
reduced to four land capability classes for practical use in 
the multiperiod linear programming model. The four land 
capability classes show, in a general way, the suitability 
of soils for most kinds of field crops. The four capability 
classes of soil are indicated by the Roman numerals I through 
IV. The numerals indicate progressively greater limitations 
and narrower choices for practical use. In most of the 
capability classes, there are capability subclasses desig­
nated by adding a small letter, e, s or w, to the class 
Roman numeral, for example, lie. The letter e shows that 
the main limitation is risk of erosion unless close-growing 
plant cover is maintained or soil erosion practices are 
followed, s shows that the soil is limited mainly because it 
is shallow, droughtly, or stony, and w shows that water in 
or on the surface interferes with plant growth or cultiva­
tion (this may be partly corrected by artificial drainage) 
(69, p. 32). 
Furthermore, in all capability classes there are capa­
bility units indicated by Arabic numerals which are attached 
to the Roman numerals. These Arabic numerals suggest the 
chief kind of limitation responsible for placement of the 
soil in the capability class and subclass. For this reason. 
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some of the units and their symbols are a partial key to 
some of the soil features (69, p. 32). The numbers used 
to designate units in capability classes I through IV: 
1 = surface layer and subsoil texture ranges from 
medium to moderately fine. 
3 = limitation or problem caused by fine textured or 
very fine textured surface layer. 
5 = limitation or problem caused by limited effective 
depth for root development. 
7 = limitation or problem caused by limited available 
water capacity. 
8 = limitation or problem caused by slow or very slow 
permeability of the subsoil or substratum. 
9 = limitation or problem caused by the presence of 
salt or alkali, or both. 
See Table 1, page 84, for more detail on the capability, 
subcapability, and capability class units of the four classes 
of soils. For yields of the main crops grown in the area of 
study and classified by soil capability classes, see Table 2, 
page 8 4. 
Population and Income Distribution 
Cochise County was named after the famous Chiricahua 
Apache leader; it is, however, one of three counties in the 
state of Arizona without Indian reservation land within its 
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Table 1. Land classes, subclasses, and groups (69, pp. 5, 
29-30) 
Land quality Land Number of 
class subclasses—groups acres 
I I - 1 82,913 
II H
 
1-1
 
(D 1
 H
 
H
 
01
 1 47,117 
III 
- 7' ^^^e - 8' 3' 108,640 
Ills-5' ":s-7' "::s- 8 
IV IV,., _ n 3,087 
Table 2. Land 
(69, 
classes and 
pp. 35, 75) 
crop yields on each class, 1976 
Land 
class 
Grain Corn Wheat 
bu./ac. 
Barley 
bu./ac. 
Cotton 
(lint) 
Ib/ac. 
Alfalfa 
ton/ac. 
I 7040 151.8 99.0 82.6 625.0 6.2 
II 5875 117.6 76.3 71.4 600.0 5.8 
III 5817 99.6 72.7 66.1 415.0 4.2 
IV 4800 a 75.0^ 80.4^ 315.0 3.2 
BAbsence of a figure means that that soil is not suited 
to the crop or that the crop is not generally grown on that 
soil. 
The yields are higher than class II and III because 
of (1) better management, and (2) this soil is more suit­
able to grasses and grains. 
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border. 
The population of Cochise County in 1970 was 61,918 
and in 1979, 82,300. The most populated cities are Sierra 
Vista, 25,425; Douglas, 13,015; Bisbee, 10,005; Benson, 
4,200; and Willcox, 3,300. The county population density 
is 13.2 persons per square mile (73, p. 60). 
The total employment in 1980 was 21,875. Unemployment 
was at 2,200, giving an unemployment rate of 9.1 percent. 
Non-farm employment (wages and salaries) was 20,225. Thus, 
farm employment was 1650 (73, p. 60). 
The county is known for its farming and ranching, 
tourism, and military communication locations. 
There are small percentages of privately owned land in 
Cochise and Graham Counties. Table 3, p. 86, shows that 
only 9.6 percent of the total area is privately owned in 
Graham County, while in Cochise County the figure is 40.9 
percent. Over 50 percent of the total land area of both 
counties belongs to federal, state, and county agencies in­
cluding the forest service, bureau of land management, state 
of Arizona, National Park Service, Department of Defense, 
Bureau of Sport Fisheries and Wildlife, and Bureau of 
Reclamation. 
Cash receipts from the sale of agricultural products 
can be used to characterize the economic conditions of both 
counties. As is indicated in Table 4, p. 87, cash receipts 
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Table 3. Land ownership and allocation in Cochise and 
Graham Counties (2, 1974, pp. 7, 10, 12, 22, 23; 
1976, p. 63) 
Cochise County Graham County 
Acres 
(1,000) 
Per­
cent 
Acres 
(1,000) 
Per­
cent 
Public land^ 2,365.0 59.1 1,668.0 56.5 
Indian land —  —  — - 1,000.0 33.9 
Private land 1,639.0 40.9 282.0 9.6 
Total land 4,004.0 100.0 2,950.0 100.0 
Total cropland acres 171.0 4.3 64.0 2.2 
In Sulphur Springs 
Valley" 125.5 (73.4) 23.5 (36.7) 
Out of Sulphur 
Springs Valley" 45.5 (26.6) 40.5 (63.3) 
Other land acres 3,833.0 95.7 2,886.0 97.8 
Total land 4,004.0 100.0 2,950.0 100.0 
^Includes Forest Service, Bureau of Land Management, 
State of Arizona, National Park Service, Department of 
Defense, Bureau of Sport Fisheries and Wildlife, Bureau of 
Reclamation and other miscellaneous county, state, and 
federal land. 
^Figures in parentheses are percentages of total crop­
land acres. 
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Table 4. Cash receipts of Cochise and Graham Counties by 
source, 1970-1979 (2) 
Years Crops 
($1000) 
Percentage 
of crops 
receipts 
from total 
receipts 
(%) 
Livestock 
and 
livestock 
products 
($1000) 
Total 
Govern- (including 
ment government 
payments payments) 
($1000) ($1000) 
Cochise 1 County 
1970 14,157 54.7 8,482 3,238 25,877 
1971 19,270 60.1 9,691 3,098 32,059 
1972 19,837 54.6 13,466 3,056 36,359 
1973 27,209 56.3 18,668 2,477 48,354 
1974 43,902 75.3 14,400 —a 58,302 
1975 33,360 67.9 15,742 a 49,102 
1976 44,904 70.5 18,819 a 63,723 
1977 32,912 59.5 22,440 a 55,352 
1978 42,713 48.0 46,289 a 89,002 
1979 34,256 52.9 30,507 a 64,763 
Graham County 
1970 6,202 31.4 12,279 1,303 19,784 
1971 8,380 38.2 12,381 1,195 21,956 
1972 7,643 31.8 15,156 1,217 24,016 
1973 11,361 33.4 21,565 1,106 34,032 
1974 20,193 56.1 15,823 a 36,016 
1975 13,859 49.6 14,083 a 27,942 
1976 17,045 59.3 11,708 a 28,753 
1977 17,723 63.3 10,291 3 28,014 
1978 16,052 61.0 10,283 __a 26,335 
1979 21,742 59.6 14,728 a 36,470 
^Program terminated. 
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from field crops have made considerable contributions to the 
region's agricultural economy. In Cochise County, the cash 
receipts from field crops are greater than from livestock 
and livestock products in the 1970-1979 period. During the 
ten-year period, the contributions of field crops to the 
county's economy have never been less than 54 percent. How­
ever, livestock has played, for five years out of the ten, 
a more important role in Graham County's economy by providing 
larger cash receipts for the county than the field crops. 
Those years are 1970, 1971, 1972, 1973, and 1975. 
Government payments, which have not been used since 1974, 
are low when compared with total cash receipts. For example, 
in 1973 they are only 5.1 percent and 3.3 percent of total 
receipts of Cochise and Graham Counties, respectively. 
Methods of Irrigation 
Two methods of irrigation are commonly used, gravity 
and side roll irrigation. These two irrigation methods go 
back to the mid 1940s when irrigated agriculture really 
started. Sprinkler irrigation was introduced recently after 
water shortages and high energy costs were experienced. 
Sprinkler irrigation is the most efficient kind of irriga­
tion, and it seems that it is going to dominate in the future 
(55, p. 34). 
The commercial crops like cotton, sugarbeets, and corn 
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are transported by train to factories within and out of the 
state. Vegetables, fruits and other crops are transported 
mainly by trucks to consuming areas within the state. 
Next chapter will present the data needs and a simula­
tion of the 1981 farming situation. 
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CHAPTER 4. DATA NEEDS FOR THE 1981 
FARMING SITUATION 
Data Needs and Sources 
Three sets of data are needed to complete this model: 
economic, hydrologie, and agronomic. The three sets of 
data were developed during my eight months' stay in Arizona 
when I became familiar with the area of study. 
The economic data needed include crop prices, acreage, 
variable and fixed costs, input prices, capital, labor, and 
machines to obtain the linear programming coefficients. 
The main sources of economic data are Arizona field 
crop budgets—Cochise County (36), Arizona agricultural 
statistics (2), Arizona Statistical Review (73), University 
of Arizona, information from the Agricultural Stabilization 
and Conservation Service (ASCS) in Willcox,^ information 
2 from the Willcox agricultural extension office, and informa­
tion from the Willcox soil conservation office.^ 
The hydrologie data needed are depths to water, number 
of irrigation wells, yield per well, total amount of ground­
water in the basin, amount of water pumped each year, rate 
^Mr. Jim Ditton, Director of the ASCS, USDA, Willcox, 
Arizona. 
2 Mr. Cramer, an agricultural economist, Willcox agri­
cultural extension office, USDA, Willcox, Arizona. 
^Director of the Willcox Soil Conservation Office, 
Willcox, Arizona. 
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of recharge, coefficient of storage (the percentage of 
water available in a certain volume of underground materials 
like rocks and mud), and the four soil classes mentioned on 
page 84, Chapter 3. 
The major sources of hydrologie data are: Arizona 
pump water budgets - Cochise County (37); Soil Survey of 
Willcox area (69); U.S. Geological Survey publications 
related to the area (69); University of Arizona; Arizona 
Water Commission (3), and information from Willcox Soil 
Conservation office.^ 
The agronomic data needed are yields, inputs, amount of 
water per irrigation, and irrigation numbers. 
The main sources of agronomic data are Arizona Field 
Crop Budgets - Cochise County (36) and crop water production 
functions (35). For output and input prices for the seven 
crops mainly grown in the area, see the simulation of 1981 
farming situation section, page 93. 
Regarding water storage in the Willcox Basin, there is 
one estimate, 43 million acre-feet, estimated by the U.S. 
Geological Survey for 1970; but there are no recent esti­
mates (3, p. 6). However, recharge and discharge every year 
are known, so storage in 1981 can be estimated. There is 
not a reliable estimate for coefficient of storage or its 
1 
Director of the Willcox Soil Conservation office, 
Willcox, Arizona. 
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determinants, but the rough estimate by the U.S. Geological 
Survey is 0.16 (71). The recharge rate per year is 51,000 
acre-feet (4, chapter XI, p. xi-4). Discharge varies from 
year to year, and data which go back to 1940 are available. 
Water costs for pumped water in the Willcox Basin were 
taken from the Arizona Pump Water Budgets (37) which esti­
mated water cost per acre foot using the following equation; 
VC = MCP X TH X L T E X Cng + C X L 
where 
VC = variable cost of water per acre-foot at the well, 
MCF = millions of cubic feet of natural gas to lift 
one acre-foot of water one foot, 
TH = number of Therms per 1000 cubic feet of natural 
gas, 
L = lift depth in feet, 
E = overall efficiency (calculated by multiplying 
the efficiency of the motor by the efficiency 
of the pump by the efficiency of the drive line, 
Cng = cost of natural gas per Therm including sales 
tax, and 
C = cost of repairs, maintenance, lubrication, and 
attendance per foot of lift. 
If the variable cost of an acre-foot of water is needed 
at the field instead of at the well, the above equation 
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should be divided by the irrigation delivery efficiency (85-
95 percent). 
Description and Simulation of the 
1981 Farming Situation 
In this section, a simulation of the 1981 farming situ­
ation is presented and results are analyzed. In 1981, 34,000 
acres out of a total of 50,000 acres suitable for cultiva­
tion^ in the area of study were grown with the seven crops. 
The acreage of each crop is as follows: 2,000 acres, 
alfalfa; 4,000 acres, barley; 5,000 acres, corn; 15,000 
acres, upland cotton; 2,000 acres, milo; 4,000 acres, pinto 
bean ; and 2,000 acres, wheat. 
Table 5, p. 90, contains data on the seven crops mainly 
grown in the area of study. Columns one and two of the 
table show the crop name and the yield per acre for each 
crop. Column three shows the average seasonal price of each 
crop; columns four and five the gross revenue and total var­
iable costs per acre for each crop (total variable costs 
include water costs); column six the net revenue per acre for 
each crop after deducting the total variable costs; columns 
seven, eight, and nine the total labor requirement in hours, 
total water requirement in acre-feet, and number of 
Jim Ditton, Director of Agricultural Stabilization and 
Conservation Service, USDA, Willcox, Arizona, Personal inter­
view, 1981. 
Table 5- Data on the seven crops mainly grown in the area of study (2, 36, 37) 
Crop 
Yield 
per P/Lb GR/AC TVC/AC' 
acre ($) ($) ($) 
(Lb) 
NR/AC Total 
(GR-
TVC) 
($) 
labor 
req/AC 
(hr) 
Total 
water # of TVC/AC 
per 
season 
(AF) 
per 
season 
water 
($) 
Cost Percent-
of age of 
water variable 
per irrigation 
AF costs of 
($) TVC (%) 
Alfalfa 14,800 .045 666.0 308.2 357.8 5.679 5.67 15 174.4 30.76 56.6 
hay 
Barley 4,627 .072 333.1 264. 3 68.8 3. 338 3.33 9 102.4 30.76 38. 7 
Corn 8,500 .070 595.0 376. 7 218.3 3. 506 3.5 9 107.7 30.76 28 .6 
Upland 
cotton 
seed 
625 
1,031 
.83 
.055 
518.8 
56.7 
389. 0 168.4 
3. 5 3.5 6 107.7 30.76 27 .7 
Milo 7,040 .064 450.6 282. 2 168.4 3. 506 3.5 9 107.7 30.76 38 .2 
Pinto 
bean 
1,600 .30 480.0 333. 8 146.2 2. 003 2.0 4 61.5 30.76 18 .4 
Wheat 5,544 .075 415.8 268. 2 147.6 3. 338 3.33 9 102.4 30.76 38 .2 
^ater cost is included. Lb = bound, $ = dollar sign, P = output price, 
GR = gross revenue, AC = acre, TVC = total variable cost, NR = net revenue, hr = 
hour, and AF = acre-foot. 
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irrigations per season, respectively (all the values are per 
acre per crop per season); and column ten the average vari­
able costs of water alone as an average of areas A and B. 
The average depth to water in area B is greater than the 
average depth to water in area A. Average depth to water 
in area B is 450 feet, while in area A it is 350 feet. 
The pumping cost per acre foot in area B is higher than that 
in area A by $7.60. Column eleven shows the average pumping 
cost per acre foot in areas A and B, and column twelve 
the variable cost for irrigation as a percentage of total 
variable costs for producing the crops (see Appendix A 
for more detail). 
Figure 10, p. 96, illustrates the relationship between 
the time period started from 1915 and ended in 1981 and 
annual water withdrawal in acre feet. As is clear from the 
graph, annual water withdrawal slowly decreased over the 
period from 1915 to 1925, then slowly increased up to 1945. 
Starting in 1945, withdrawal increased sharply until 1955 
and increased even more sharply after that until 1965. The 
increase in the graph between 1955 and 1965 was the steepest 
increase. The reason appears to be the bringing into culti­
vation of more new lands. From 1965 to 1975, the increase 
was less sharp than the increase between 1945 and 1965. 
Starting in 1975, the rate of water withdrawal decreased 
drastically until 1981. The reasons were (1) the high water 
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Figure 10. Water withdrawal in the Willcox Basin from 1915 
to 1981 
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pumping costs, and (2) the decrease in the amount of the 
land used to be cultivated before 1975 as some water wells 
became dry. Thus, in summary, except for the periods between 
1915 to 1925 and 1975 to 1981, the curve increased. The 
general reason for the increase was the growth in the irri­
gated agricultural land expansion. The curve increased at 
an increasing rate between 1935 and 1965 and at a decreasing 
rate between 1965 and 1975. 
Figure 11, p. 9 8, shows the water distribution among 
the competing users. Most of the water, 88.6 percent, goes 
to agricultural use, mainly for irrigation and drainage 
associated with irrigation, only 4.4 percent to industrial 
activities and 7 percent to public supply, domestic, and 
livestock uses. It must be noted that the industrial use 
excludes mining because currently no mining operations are 
taking place in the basin. 
If mining commences in the copper ore deposit in the 
Little Dragoon Mountains, the character of the basin economy 
will change significantly. The ore deposit appears to be of 
major proportions and would require large amounts of water 
from within the basin, possibly preempting the use of this 
water for irrigation. It appears at this time that any 
development of this ore body will depend upon growth in the 
demand for copper above the amount that can be supplied from 
other developed domestic sources in other parts of Cochise 
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area of study (71) 
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County (5, p. xii-3). 
Table 6, p. 100, represents a list of inputs used in 
production and their per unit prices. For example, water 
costs $30.76 per acre-foot and Lasso herbicide costs $13.50 
per gallon, and so on (see Table 6 for more detail). 
Results of the Simulation 
The acres of each crop actually grown in 1981 were 
used as restrictions to force the program to simulate the 
1981 situation. Maximum constraints were used on all seven 
crops. The same prices, yields, costs, and other inputs 
used in 1981 were utilized. 
The main reasons for conducting this simulation are to 
find the current income of the area per farm and to have a 
clear idea about the actual agricultural situation in the 
area of study. Moreover, shadow prices can be obtained, 
which can be used to check the most profitable resources and 
may be restricting at the same time. Shadow prices are more 
useful to decision makers in the area because they can give 
a hint about the most restricting resources, and can also 
show how much the value of the program will increase if one 
unit of a resource is added. 
Description and Analysis of the Simulation Output 
From the computer output, rows section, the value of 
the program (C row) was $3,281,759.40. The total number 
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Table 6. Inputs used in crop production and their costs 
per unit 
Per Per 
Input unit Unit^ Input unit Unit^ 
cost cost 
($) ($) 
Baling wire 5.38 MPT Diesel 0.90 Gal 
Baling twine 3.54 MFT LP gas 0.70 Gal 
Water 30.76 AF Electricity 0.055 Kwh 
Fertilizer Nat. gas 0.285 
NH3 (33-0-0) 235.00 ton Labor 
Urea 46 240.0 ton Hand weeders 3.35 Hr 
(11-48-0) 325.00 ton Harvest 
(16-20-0) 210.00 ton operators 3.85 Hr 
Herbicides Irrigators 3.35 Hr 
Atrozin 2.16 Lb Tractor operator 3.85 Hr 
Lasso 13.50 Gal Trailer tramper 3.35 Hr 
Treflan 32.00 Gal Seeds 
Insecticides Alfalfa seed 225.00 Cwt 
Azodrin 37.95 Gal Cotton seed 43.50 Cwt 
Lannate 35.50 Gal Milo seed 65.00 Cwt 
Ethyl-para 14.35 Gal Wheat seed 20.50 Cwt 
Thimet 1.06 Lb Barley seed 19.50 Cwt 
Furadan 1.07 Lb Corn seed 0.69 MKNL 
Fungicide Pinto bean seed 60.00 Cwt 
Dithane 2.65 Lb 
Gasoline 1.12 Gal 
NH3 = nitrogen tri-hydride, MKNL = 1000 kernels of 
corn, MFT = 1000 feet of baling wire (twine), Lb = pound. 
Gal = gallon, Kwh = kilowatt, and Hr = hour. 
101 
of farms in the area is 140 farms, and the average size of 
each is 320 acres. After dividing the value of the program 
by the number of farms, farm annual income was found to be 
$23,441.10. 
Table 7, p. 102, summarizes the row section results. 
Column one shows the name of the resource, column two the 
total amount of the resource available, column three the 
amount used from each resource, and column four the marginal 
value product (shadow prices) for each unit of a resource. 
Column four is the most important column in Table 7 
and will be explained in detail. The values in column four 
indicate by how much the value of the program (C row) will 
increase if one unit of the corresponding resource is forced 
into the program. For example, the marginal value product 
of land class I (ROl) is $115.94. This says if one acre 
of land class became available to the program, that is, 
if 7700 becomes 7701 acres, the value of the program will 
increase by $115.94. Similarly, the marginal value product 
of upland cotton (R82) is $15.26. This indicates that if 
the restriction on upland cotton is relaxed by adding one 
acre, the value of the program will increase by $15.26. The 
rest of the marginal value products are interpreted similarly. 
Table 8, p. 103, summarizes the column section (activity 
section) results from the computer output. In Table 8, 
column one shows the crop activity, column two the land 
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Table 7. Major resources used and their marginal value 
products 
Marginal 
Major resources- foÇts 
( Shadow 
prices) 
(D 
ROl, land class I 7,700 AC 7,700 AC 115. 94 
R02, land class 8,500 AC 8,500 AC 47. 31 
R03, land class 11% 4,400 AC 4,400 AC 74. 43 
R04, land class lib 5,350 AC 5,350 AC 19. 91 
R05, land class 111% 8,100 AC 7,300 AC — 
R06, land class 111% 9,350 AC — — 
R07, land class IV^ 3,300 AC 750 AC — 
R08, land class IV^ 3,300 AC — — 
R09, owned labor. 
Jan-Mar 1 ,188,000 Hr 85,570 Hr — 
RIO, owned labor. 
Apr-June 1 ,201,200 Hr 122,740 Hr — 
Rll, owned labor. 
July-Sep 1 ,201,200 Hr 73,150 Hr — 
R12, owned labor. 
Oct-Dec 1 ,204,500 Hr 130,170 Hr — 
R63, Max. water 170,000 AF 116,440 Hr — 
R78, Capital Borrow $10,000,000 $7,921,672.50 — 
R82, upland cotton 
equality 15,000 AC 15,000 AC 15. 26 
R83, barley equality 4,000 AC 4,000 AC 26. 91 
R84, wheat equality 2,000 AC 2,000 AC 66. 56 
R85, milo equality 2,000 AC 2,000 AC 95. 00 
R86, corn equality 5,000 AC 5,000 AC 88. 74 
R87, alfalfa equality 2,000 AC 2,000 AC 235. 94 
R88, pinto beans 
equality 4,000 AC 4,000 AC 48. 22 
^ROl, R88 = codes for the major resources. 
^AC = acre, Hr = hour, AP = acre-feet. 
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Table 8. Activity levels and their corresponding land 
classes 
Crop activity^ Land classb 
Activity 
leveic 
Input 
cost $ 
P02, barley la 2700 AC 100.97 
P05, corn la 5000 AC 136.72 
PIO, cotton lb 5250 AC 236.78 
P12, wheat lb 1250 AC 134.28 
P15, alfalfa lb 2000 AC 132.40 
P19, cotton Ila 4400 AC 213.39 
P28, cotton lib 5350 AC 242.78 
P38, barley Ilia 1300 AC 106.97 
P40, milo Ilia 2000 AC 109.25 
P43, pinto bean Ilia 4000 AC 259.95 
P57, wheat IVa 750 AC 104.89 
^P02, P57 = codes for the crop activities. 
II, III, IV = land classes, and a, b = production 
regions A and B. 
*^AC = acres. 
class, column three the activity level, and column four the 
input cost. From columns two and three. Table 8, it is 
clear that most of the crops were grown on land classes I, 
II, and III and not IV. The reason for that is that land 
class IV has a serious wetness problem, i.e., water inter­
feres with plant growth because of very poor drainage (69). 
Thus, farmers in the area try to avoid that class of land. 
Column four shows the input cost or what is familiarly 
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known as the variable costs in the C row. 
Table 9 summarizes activities not in the basis (not in 
solution) and their corresponding income penalties. 
Table 9. Income penalties associated with activities ex­
cluded from the solution 
Crop activity Income penalty $ Crop activity 
Income 
penalty $ 
POl, cotton 14.12 P39, wheat 16.25 
P03, wheat 15.14 P41, corn 170.15 
P04, milo 31.03 P42, alfalfa 92.76 
P06, alfalfa 0.48 P46, cotton 133.64 
P07, pinto bean 64.30 P47, barley 32.21 
Pll, barley 8.72 P48, wheat 69.81 
P13, milo 195.84 P49, milo 54.52 
P14, corn 119.88 P50, corn 224.67 
P16, pinto bean 40.77 P51, alfalfa 160.93 
P20, barley 31.23 P52, pinto bean 45.10 
P21, wheat 75.60 P55, cotton 155.46 
P22, milo 70.72 P56, barley 30.00 
P23, corn 169.68 P58, milo 58.55 
P24, alfalfa 15.99 P59, alfalfa 170.12 
P25, pinto bean 45.93 P60, pinto bean 38.34 
P29, barley 8.91 P63, cotton 209.99 
P30, wheat 74.56 P64, barley 62.21 
P31, milo 70.72 P65, wheat 53.49 
P32, corn 169.68 P66, milo 112.97 
P33, alfalfa 29.64 P67, alfalfa 238.37 
P34, pinto bean 36.51 P68, pinto bean 83.46 
P37, cotton 79.12 
Income penalty costs listed above are important to 
decision makers because they show by how much the value of 
the program will decrease if one unit of the resource is 
forced in. As examples, the income penalty cost of POl 
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(cotton) is $14.12, which implies that if one more acre of 
cotton is forced into the program, its value will decrease 
by $14.12. Similarly, with P14 (corn), the value of the 
program will decrease by $119.88 and so on. Thus, income 
penalties column saves the planner the loss because of 
forcing some extra units of the resources which are not in 
the solution or in the basis. 
The value of the program, as mentioned before, is the 
net return, i.e., total receipts less total variable costs. 
Total receipts of the seven crops grown in the area were 
calculated and found to be $17,574,841. The actual total 
crop receipts of Cochise County in 1981 were $34,256,000 
(2, p. 7-9). The study area is about one-half of the total 
cultivated land in Cochise County in 1981. Thus, the total 
receipts found from the computer output are about one-half 
of the county's total crop receipts. More specifically, the 
total receipts calculated from the computer output were 
$446,841 higher than half of the total receipts of Cochise 
County. This is due to some rounding errors when prices, 
costs and yields were used in the model. Moreover, the 
discrepancy is due to the ratio of the study area to the 
total county's crop land; the ratio is not exactly one-half, 
but a little larger. 
In summary, this chapter has provided information about 
the farm income in the area, the shadow prices of the 
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resources used, the income penalties, and the simulation 
seemed correct. As stated before, this information is 
very helpful to planners and decision makers in the area, 
especially the shadow prices and income penalties columns. 
Next chapter deals with the application of the linear 
programming multiperiod model (developed in Chapter 2) to 
data from the area of study. 
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CHAPTER 5. MODEL APPLICATION TO 
STUDY AREA AND RESULTS 
In this chapter, the multiperiod linear programming 
model developed in Chapter 2 is applied to the data and the 
results are analyzed. The chapter is divided into three 
sections. Section one is devoted to the analysis of objec­
tive 2a, "to provide a basis for allocating water in the 
area of study at the highest net returns over time." Under 
this objective, there were no restrictions on water pumping 
by the model. Section two is concerned with the analysis 
of objective 2b, "to limit water pumping to annual recharge, 
in order to maintain economic productivity through the 
target year 2021." Section three is devoted to the analysis 
of objective 2c, "to develop and appraise policy options 
(taxes, quotas, etc.) that could contribute to achieving 
each of the above two alternatives. 
Four scenarios will be analyzed in each of the above 
first two sections. Those four scenarios were chosen such 
that scenarios b and d represent two extremes. On one 
extreme only cost increases while price and yield remain 
constant, and on the other extreme price and yield increase 
while cost remains constant. Scenarios a and c were chosen 
between the two extremes and they were at equal distances 
from the extremes. Many other scenarios could have been 
chosen in addition to the four above, but time and resources 
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did not permit that. Those four scenarios chosen above 
will be applied to data from the area of study and results 
will be analyzed in this chapter. Scenario variables were 
commodity prices (P), variable costs (VC), and crop yields 
(Y). Commodity prices and variable costs were at market 
and not in real terms. The four scenarios were as follows : 
(a) no-change scenario: the 1981 commodity prices and var­
iable costs were assumed to prevail throughout the time 
period; (b) cost-increase scenario: the 1981 commodity 
prices were assumed to remain constant, variable costs were 
assumed to increase by 3 percent annually, and crop yields 
were assumed to remain constant; (c) price-, cost- and 
yield-increase scenario: in this scenario the 1981 commodity 
prices were assumed to increase by 2 percent, variable costs 
were assumed to increase by 3 percent, and crop yields were 
assumed to increase by 0.7 percent; (d) price- and yield-
increase scenario; the 1981 commodity prices were assumed 
to increase by 3 percent, variable costs were assumed to re­
main constant, and crop yields were assumed to increase by 
0.7 percent annually. Technological change was implicit in 
price-, cost- and yield-increase scenario and price- and 
yield-increase scenario because crop yields were assumed to 
increase as a result of technological improvement in some 
form. 
Projected net increase in land over time in the 
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Willcox Basin was calculated based on Tables 10 and 11, pages 
110 and 111. A brief explanation of the calculation method 
was as follows: Tables 10 and 11 show estimated addition to 
total cropland resulting from resource development activi­
ties, 1969-2020 and estimated cropland reduction resulting 
from competing land uses, 1969-2020, respectively, in many 
states. Among them is the state of Arizona. Net increase 
in cropland for the whole state from 1980 to 2000 was 63,100 
acres. Net increase in cropland for the whole state per 
year was 63,100 acres divided by 20 years, which equals 3155 
acres. Cropland in the Willcox Basin in 1981 was 50,000 
acres and in the whole state of Arizona was 1,000,000 acres 
(10, p. 2). That means the Willcox Basin comprises 5 per­
cent of the state's total. The per year net increase in 
cropland for the whole state was divided by 1/20 or the 5 
percent to obtain the estimated net annual increase of crop­
land acres in the Willcox Basin. This figure comes to 
157.75 acres per year. This 157.75 acres were added to 
every year in the future, starting from 1982 and ending in 
2000. The assumption made here is that net increase to land 
was constant over time. By the same method, annual net 
increase of cropland from 2000 to 2021 was 117.5 acres. 
That figure was added to every year's cropland from 2000 
to 2021 in the Willcox Basin. For more detail, see Appendix 
A, Table A-1. 
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Table 10. Estimated additions to total cropland resulting 
from resource development activities, 1969-2020 
(72, p. 137) 
State 1969-1980 1980-2000 2000-2020 
in thousand acres 
Alabama 333.6 427.6 285.7 
Arizona^ 143.6 72.2 54.6 
Arkansas 352.2 451.4 301.6 
California^ 315.6 113.3 58.8 
Colorado^ 0 15.8 12.0 
Florida 61.4 78.7 53.6 
Georgia 381.2 488.7 326.5 
IdahoB 263.2 313.8 226.8 
Illinois 268.5 344.2 230.0 
Indiana 211.0 270.4 180.7 
Iowa 200.5 257.0 171.7 
Kentucky 226.1 289.8 193.6 
Louisiana 342.2 438.7 293.1 
Michigan 226.7 290.6 194.1 
Minnesota 304.4 390.3 260.7 
Mississippi 328.0 420.4 290.9 
Missouri 200.6 257.2 171.8 
Montana^ 20.2 0 0 
Nevada^ 54.6 66.7 .9 
New Mexico^ 35.4 76.0 21.7 
North Carolina 254.2 325.8 217.7 
Ohio 179.4 229.9 153.6 
South Carolina 176.2 225.9 150.9 
South Dakota^ 3.8 7.7 5.5 
Tennessee 234.2 300.3 200.6 
Texas 120.8 0 0 
UtahB 3.4 0 0 
Virginia 390.7 500.9 334.6 
Washington^ 24.9 54.4 20.9 
Wisconsin 311.9 399.8 267.1 
Wyoming^ 56.4 63.0 31.3 
Total 6,024.9 7,170.5 4,710.0 
^Estimated additions to cropland are due solely to 
development of new irrigated cropland on non-cropland. 
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Table 11. Estimated cropland reduction resulting from com­
peting land uses, 1969-2020 (72, p. 139) 
State 1969-1980 1980-2000 2000-2020 
in thousand acres 
Alabama 58.3 85.0 71.8 
Arizona 7.3 9.1 7.6 
Arkansas 107.8 83.4 52.6 
California 178.7 375.7 345.3 
Colorado 35.4 36.1 22.5 
Connecticut 35.8 43.1 39.5 
Delaware 6.8 15.9 13.4 
Florida 164.3 183.7 146.2 
Georgia 143.1 94.2 72.0 
Idaho 15.3 12.4 8.4 
Illinois 665.3 524.4 468.6 
Indiana 316.3 305.3 281.7 
Iowa 303.6 319.3 181.4 
Kansas 177.9 103.0 88.6 
Kentucky 105.1 154.1 146.7 
Louisiana 85.2 114.4 59.2 
Maine 41.8 30.4 26.8 
Maryland 57.9 94.8 85.2 
Massachusetts 26.2 55.7 54.6 
Michigan 202.6 286.2 233.0 
Minnesota 170.9 136.7 93.7 
Mississippi 63.6 63.1 33.5 
Missouri 556.0 164.1 138.6 
Montana 19.8 10.0 6.5 
Nebraska 45.5 45.8 40.1 
Nevada 3.1 1.4 1.2 
New Hampshire 8.6 13.1 11.5 
New Jersey 85.5 168.3 138.3 
New Mexico 3.9 3.0 2.3 
New York 436.3 283.7 242.3 
North Carolina 152.2 125.9 92.8 
North Dakota 468.0 460.0 32.9 
Ohio 277.9 426.2 390.0 
Oklahoma 194.8 69.9 48.9 
Oregon 15.7 24.5 19.9 
Pennsylvania 187.7 243.1 176.0 
Rhode Island 3.0 8.5 8.0 
South Carolina 45.6 37.4 27.9 
South Dakota 289.4 300.9 25.1 
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Table 11. (Continued) 
State 1969-1980 1980-2000 2000-2020 
in thousand acres 
Tennessee 80.2 93.6 89.2 
Texas 287.9 328.7 282.2 
Utah 11.5 10.8 9.4 
Vermont 5.0 9.3 6.1 
Virginia 95.4 96.1 82.3 
Washington 89.8 53.1 35.1 
West Virginia 40.0 27.2 22.9 
Wisconsin 161.5 176.3 123.5 
Wyoming 4.2 2.0 1.5 
Total 6,537.7 6,308.9 4,586.8 
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As explained in Chapter 2, page 22, economic and physi­
cal exhaustion are two important criteria in dealing with 
groundwater stock. Economic exhaustion is the per unit out­
put price equaling the per unit water cost. Even when pump­
ing is taking place over time, exhaustion is said to be 
taking place if prices of outputs are not rising enough to 
cover rising pumping costs. Physical exhaustion is the 
physical sense of running out of water for irrigation. That 
is, there is no water left in the reservoir to be pumped for 
irrigation purposes (see page 22 for more detail). 
Water Allocation at the Highest Net 
Returns Over Time 
In this section, there were no restrictions on water 
pumping from the basin. The model was allowed to pump all 
recharge plus any extra amount of water needed from the 
underground storage. The net returns maximization period 
runs from 1981 up to 2021, with optimum solutions at every 
five year interval. The four scenario results will be 
analyzed in detail below. 
No-change scenario 
This scenario assumes that the 1981 commodity prices, 
variable costs, and crop yields will prevail over the plan­
ning period. Since the prices, costs, and yields were not 
changing, all the nine solutions were exactly identical. 
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Table 12, page 115, represents resources used and their 
marginal value products and activities came into solution 
and their levels. Column one shows the row name and the re­
source. Column two shows the resources used in terms of 
their units. Column three is the most important of all and 
shows the marginal value products (MVP) or shadow prices of 
each of the resources. Marginal value products were ex­
pressed in terms of dollars. The marginal value product 
column indicates, for each resource, how much the value of 
the program could change if one extra unit of the resource 
was made available to the program. As an example, ROl (land 
I^) has a marginal value product of $162.60. It means if 
one acre has been added to the program, its value would have 
increased by $162.60. R85 (milo constraint) shows a marginal 
value product of $40.00. It means if the constraint was 
relaxed by one acre, the value of the program would have in­
creased by $40.00. Column four shows the names of the 
activities in the basis, column five the land classes and 
the regions where the production occurred, and column six 
the levels of the activities in solution. For example, P57 
wheat production was 3300 acres on land class IV region A 
(see Table 12, p. 115, for more detail). 
The computer output showed an annual water pumping of 
88,241.5 acre-feet in region A and 66,196.5 acre-feet in 
region B. It also showed a total pumping of 154,438 acre-
Table 12. Resources used and their marginal value products and activities in the 
solution and their levels 
„  , _ L a n d  
Row and Resources MVP - class Activity 
resource» usedb $ and ^ levels^ 
the basis reaion'^ 
ROl land 7700 ac 162. 6 P57 wheat iva 3300 ac 
R02 land 8500 ac 142. 1 P65 wheat ivb 3300 ac 
R03 land 4400 ac 48. 0 P40 milo iiia 6000 ac 
R04 land 5350 ac 28. 5 P05 corn la 7700 ac 
R05 land 8100 ac 19. 5 P14 corn ib 8500 ac 
R06 land 4384.6 ac — P24 alfalfa ila 4400 ac 
R07 land 3300 ac 34. 0 P33 alfalfa ilb 1600 ac 
R08 land 3300 ac 14. 4 P34 pinto bean lis 3750 ac 
R09 labor 62,814.9 Hr — P43 pinto bean iiia 2100 ac 
(Jan-Mar) P52 pinto bean iiib 4384.6 ac 
RIO labor 158,180.4 Hr — P73 wheat sell 27 ,720,000 Lb 
(Apr-June) P74 milo sell 34 ,902,000 Lb 
Rll labor 147,012.6 Hr — P75 corn sell 137 ,700,000 Lb 
(July-Sep) P75 alfalfa sell 69 ,000,000 Lb 
R12 labor 83,193.4 Hr P77 pinto beans sell — 15 ,196,477 Lb 
(Oct-Dec) P80 natural gas buy — 14 ,779,966 Th 
R63 water 154,438 AF 
R78 capital $10,000,1 000 0. 13 
R85 milo 6000 ac 40. .0 
restriction 
R87 alfalfa 6000 ac 104. ,2 
restriction 
aROl/ .../ R87 = codes for resource constraints. 
^AC = acre, Hr = hour, AF = acre feet. 
^Lb = pound, and Th = therm, a unit of measurement for natural gas. 
..., IV3 = classes of land in regions A and B. 
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feet of water over the whole area. According to the United 
States Geological Survey, the actual amount of water pumped 
for irrigation purposes in the whole area in 1981 was 170,000 
acre-feet (71). The difference between the actual amount 
pumped for irrigation and the amount indicated in the pro­
gram was 25,562 acre-feet of water. This suggests that 
farmers were over-pumping the water in 1981. If the value 
given by the program was correct, then farmers were not 
allocating the water optimally and the 25,562 acre-feet 
should have stayed in storage. 
Table 13, page 117, summarizes the no-change scenario 
results. Row one represents the time periods where solu­
tions were obtained. Discounted net returns in rows two, 
three, and four showed a continuous decrease over the plan­
ning period with the sharpest decrease at the 9 percent dis­
count rate. The reason for this decrease was the discount­
ing process, in which future net returns are transferred 
back into 19 81 values. The discounting process was per­
formed on net returns at the end of every crop year. Rows 
five, six, and seven show water pumping in regions A, B, 
and the total for both regions. Water pumping in all of 
the three rows was constant over time. Crop mix and total 
land use (rest of the table) were constant over time. The 
reason for the constant levels of water pumping, crop mix, 
and land use was due to the fact that this is a no-change 
Table 13. Summary of no-change scenario, objective 2a 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate {$) 4,907,523.1 4,230,623.4 3,662,330.7 3,145,848.1 
Net returns 2 
6% discount 
rate ($) 4,907,523.1 3,662,330.7 2,741,633.0 2,044,801.3 
Net returns 3 
9% discount 
rate ($) 4,907,523.1 3,186,703.3 2,070,684.9 1,348,220.6 
Water use 
(AF) 
Region A 88,241.5 88,241.5 88,241.5 88,241.5 
Region B 66,196.5 66,196.5 66,196.5 66,196.5 
Total 154,438.0 154,438.0 154,438.0 154,438.0 
Cotton — — — —  
Barley — — — 
Wheat 6,600 6,600 6,600 6,600 
Milo 6,000 6,000 6,000 6,000 
Corn 16,200 16,200 16,200 16,200 
Alfalfa 6,000 6,000 6,000 6,000 
Pinto bean 10,234.6 10,234.6 10,234.6 10,234.6 
Total acres 45,034.6 45,034.6 45,034.6 45,034.6 
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2001 2006 2011 2016 2021 
2,711,338.7 2,348,097.2 2,019,556.8 1,746,449.5 1,505,375.2 
1,528,823.4 1,143,944.8 854,969.2 638,169.5 476,921.6 
876,343.4 569,318.2 369,820.9 240,447.0 156,240.8 
88,241.5 88,241.5 88,241.5 88,241.5 88,241.5 
66,196.5 66,196.5 66,196.5 66,196.5 66,196.5 
154,438.0 154,438.0 154,438.0 154,438.0 154,438.0 
6,600 6,600 6,600 6,600 6,600 
6,000 6,000 6,000 6,000 6,000 
16,200 16,200 16,200 16,200 16,200 
6,000 6,000 6,000 6,000 6,000 
10,234.6 10,234.6 10,234.6 10,234.6 10,234.6 
45,034.6 45,034.6 45,034.6 45,034.6 45,034.6 
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scenario and nothing is changing over time. Cotton and 
barley did not come into solutions because of their lower 
comparative advantage when compared with the rest of the 
crops which came into solutions. Cotton and barley yield 
less than the rest of the crops in the area of study (see 
Table 13, page 117, for more detail). 
Since water pumping and land use were constant over 
time, there is no need for drawing graphs representing these 
two variables against time. 
The crucial results in terms of water table decline, 
additional natural gas used, increase in pumping costs, 
and increase in pumping lifts over time are represented by 
Table 14, page 12 0. Because this scenario was a no-change 
scenario and no variables were changing over time, the 
decline in water table and the additional natural gas used 
because of this decline were increasing at a constant rate. 
Cumulative water table decline over the 40-year period was 
70.392 feet, which averaged 1.80 feet of decline per year. 
Water pumping lifts were also increasing because of the de­
cline in the water table (see Table 14, page 120, for more 
detail). 
Cost-increase scenario 
This scenario represents the assumption of an increase 
in variable costs by 3 percent and commodity prices and 
Table 14. Water table decline, additional natural gas 
used, increase in pumping costs, and increase 
in pumping lifts under no-change scenario, 
objective 2a 
Year 1981 1986 1991 1996 
Water table decline 
per 5 years (feet) 0 8 .799 8 .799 8. 799 
Additional natural gas 
used because of the 
decline (Therms^) 0 1 .943 1 .943 1. 943 
Per acre-foot (VC^) 26. 31 30 
00 
34 .43 40. 27 
Per acre-foot (TC°) 
in region A ($) 
41. 81 46 .63 50 .63 56. 82 
Per acre-foot (VC) 33. 83 39 .36 45 .07 50. 98 
Per acre-foot (TC) 
in region B ($) 
52. 32 58 .20 64 .26 70. 52 
Water lift in area 
A (feet) 350 358 .799 367 .598 376. 397 
Water lift in area 
B (feet) 450 458 .799 467 .598 476. 397 
^Therm = a unit of measurement for natural gas. 
^VC = variable cost. 
°TC = total cost. 
121 
2001 2006 2011 2016 2021 
8.799 
1.943 
45.30 
6 2 . 2 0  
57.07 
76.96 
385.196 
485.196 
8.799 
1.943 
50.52 
67.77 
63.34 
83.58 
393.995 
493.995 
8.799 
1.943 
56.92 
74.52 
69.81 
90.40 
402.794 
502.794 
8.799 
1.943 
61.51 
79.46 
76.46 
97.40 
411.593 
511.593 
8.799 
1.943 
67.28 
85.58 
83.29 
104.58 
420.392 
520.392 
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yields to remain constant over time. This scenario is one 
of the two extremes where the other extreme was price- and 
yield-increase scenario which will be discussed later. 
The scenario is summarized in Table 15, page 123. The 
table was designed to cover the entire planning period in 
terms of important results. Row one of the table repre­
sents the time intervals where solutions were obtained. 
Rows two, three, and four represent the net returns dis­
counted at 3, 6, and 9 percent, respectively. Net returns 
discounted at 3 percent (row 2) decrease sharply over time 
and start with about $4.9 million in 1981 and end with 
about $65 thousand in 2016. Net returns discounted at 6 
percent (row 3) decrease even sharper than row 2 and net 
returns discounted at 9 percent (row 4) decrease even more 
sharply than both net return rows mentioned above. The 
reasons for the sharp decline in net returns were the in­
crease in variable costs, while commodity prices and crop 
yields were fixed, and the process of discounting, i.e., 
transforming back the future net returns into the 1981 values. 
If the three discount rates were compared, it would be 
found that the 3 percent was considered as a low rate. That 
was why discounted net returns were not decreasing as sharply 
as discounting at 6 or 9 percent. This rate was in favor 
of future generations because more net returns would be 
obtained than in discounting at 6 or 9 percent in the future. 
Table 15. Summary of cost-increase scenario, objective 2a 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate ($) 4,907,523.1 3,015,763.6 1,794,598.8 1,108,724.0 
Net returns 2 
6% discount 
rate ($) 4,907,523.1 2,610,661.1 1,343,442.7 720,670.6 
Net returns 3 
9% discount 
rate ($) 4,907,523.1 2,271,614.2 1,014,667.7 475,167.5 
Water use 
(AF) 
Region A 88,241.5 92,407.3 73,265.6 53,027.7 
Region B 66,196.5 58,004.0 37,622.4 38,683.5 
Total 154,438.0 150,411.3 110,888.0 91,711.2 
Cotton — — — — — 
Barley — 
Wheat 6,600 11,930 16,710 10,965 
Milo 6,000 6,000 6,000 6,000 
Corn 16,200 16,455 — — 
Alfalfa 6,000 6,000 6,000 6,000 
Pinto bean 10,234.6 3,895 — — — — 
Total acres 
of land 45,034.6 44,280 28,710 22,965 
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2001 2006 2011 2016 2021 
591,990.1 290,487.0 167,039.4 65,331.6 
333,801.3 141,519.3 70,715.3 23,872.8 
191,339.6 70,431.3 30,588.2 8,994.7 
27,304.8 41,651.3 34,074.0 34,074.0 — —  
44,188.1 — — — — — —  —  
71,492.9 41,651.3 34,074.0 34,074.0 
11,210 2,270 —  —  — 
6,000 6,000 6,000 6,000 — mm 
M mm » —. — — — — — — 
17,210 8,270 6,000 6,000 — — 
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Moreover, resources in general and the water resource in 
specific were conserved for future generations. This rate 
was considered as the low extreme. In comparison, the high 
extreme discount rate (9 percent) shows exactly the opposite 
of the 3 percent discount rate. Net return was the lowest 
in 2021 if compared to rates of 3 and 6 percent. This means 
that present generations were using up resources fast and 
earning high net returns at the expense of future genera­
tions. In short, little conservation of resources was exper­
ienced under this high discount rate, while more conservation 
was seen under the 3 percent discount rate. The 6 percent 
discount rate was considered as a moderate rate even though 
there was still a decrease in discounted net returns over 
time (relatively less use of resources in present than in 
future if compared with the 9 percent discount rate). The 
above three discount rates were picked to illustrate the 
effect of discounting at different rates on resource use and 
to discount net returns to the 1981 values. 
Rows five, six, and seven show amounts of water pumped 
from region A, region B, and total for both regions, respec­
tively. Regions A and B show an irregular movement over 
time in terms of water pumping. This irregular movement 
was due to the different crop mixes over time and to crop 
water requirements which vary widely from crop to crop. The 
crop mix, changes over time because of different classes of 
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land. There were four classes of land in the model repre­
sented by I, II, III, and IV, respectively. Class I was 
the best and class IV was the poorest. As commodity prices, 
variable costs, and crop yields change over time, the crops 
compete for classes I and II. This example will illustrate 
the points above: if 1981 and 1986 were compared for crop 
water use and crop mix, it would be found that in 1986 more 
acres of wheat and corn were produced than in 1981, but also 
fewer acres of pinto bean were produced in 1986 than in 
19 81. Water requirement for wheat per acre per season was 
3.333 acre-feet and that for corn was 3.5 acre-feet, while 
the requirement for pinto bean was 2 acre-feet. Thus, even 
though pinto bean acreage decreased, total water pumped from 
region A increased in 1986. In summary, crop water require­
ments were the main reason for the fluctuation in water 
pumping over time. It is clear from the table that there 
was no production in region B over the period from 2006 to 
2021. The reason was due to greater pumping lift require­
ment. Region B is deeper than region A in terms of pumping 
lift by 100 feet. This implies higher pumping costs in 
region B than in region A. Total water pumped (row 7) de­
creased all the way from 1981 to 2011, then remained con­
stant up to 2016. This row was the sum of water pumped in 
regions A and B. 
In terms of crops, five were produced in 1981 and none 
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was produced in 2021. Corn was produced from 1981 to 1986 
and then went out of production because of the better rela­
tive advantage of wheat in terms of water requirement. 
Cotton and barley were never produced because of high costs 
of production of cotton and because of low output price of 
barley. Milo was produced up to 1996 and then went out of 
production because of greater water requirement compared to 
wheat. Even wheat between 2011 and 2021 went out of pro­
duction because of the high cost of water pumping. Pinto 
bean went out of production after 1986 due to relative 
advantage of corn and wheat compared to pinto bean in terms 
of yield. The only crop which continued to be produced 
regardless of its high water requirement up to 2016 was 
alfalfa. The reason for that is its relatively high yield. 
Figure 12, page 128, illustrates the relationship be­
tween water pumped in regions A, B, and the total against 
the time periods. Water pumping in region A increased over 
the period from 1981 to 1986 due to increase in wheat, corn, 
and alfalfa compared to reduction in pinto bean production. 
The decrease in water pumping over the period from 1986 to 
2001 was due to decrease in milo, corn, alfalfa, and pinto bean 
compared to increase in wheat and alfalfa production. The 
sharp increase in water pumping over the period from 2001 
to 2006 was due to increase in alfalfa compared to wheat 
production. The decrease in water pumping between 2006 and 
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Figure 12. Water pumped for irrigation in regions A, B, and 
total for both regions under cost-increase 
scenario, objective 2a 
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2016 was due to reduction of wheat, milo, corn, and pinto 
bean compared to alfalfa production which remained constant. 
The sharp decrease to zero in water pumping over the period 
from 2016 to 2021 was due to the zero production of all 
crops due to reaching the economic lift under cost-increase 
scenario. 
Water pumping in region B decreased up to 1991 due to 
reduction in corn, alfalfa, and pinto bean compared to in­
crease in wheat production. The increase in water pump­
ing over the period from 1991 to 2001 was due to increase 
in alfalfa compared to decrease in wheat production. The 
sharp decrease in water pumping from 2001 to 2006 was due to 
the decrease of water pumping to zero in this region. There 
was no water pumping over the period from 2006 to 2021 in 
region B due to a higher cost of pumping if compared to 
region A (see Appendix B, Table B-1, for acres of the crops 
grown in regions A and B). 
Total water pumping curve was the sum of both curves 
in regions A and B. Since curves A and B fluctuated over 
time in terms of increase and decrease, total water pumping 
curve also fluctuated over time. Generally, this curve de­
clined all the way to zero in 2021 (see Figure 12, page 128, 
and Table 15, page 123, for more detail). 
Figure 13, page 130, illustrates the relationship be­
tween total land use and the time periods. Total land use 
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followed the exact pattern taken by total water use due to 
the same reasons discussed above (see Figures 12 and 13, 
pages 128 and 130, and Table 15, page 123, for more detail). 
As stated above, water pumping and land use decreased 
over time due to the scenario assumptions. This decrease 
in water and land does not affect in any way the yield per 
acre. The yield per acre of every crop is still the same 
in both regions because the decrease in land use necessi­
tates the decrease in water use and vice versa. The crop 
water requirements per acre per season are still the same 
regardless of the decrease in water pumping and land use; 
hence, yield per acre is still the same as before the 
decrease. 
Table 16, page 132, represents the decline in water 
table, additional natural gas used, increase in pumping 
costs, and increase in pumping lifts over time. Cumulative 
water table decline over the 4 0-year period was 23.9 feet, 
averaging .6 feet per year. Water table from 2011 to 2021 
showed an increase of 3.6 75 feet. Additional natural gas 
use was the highest in 1986 and then rapidly declined to 
zeros (negative numbers in the table) from 2011 to 2021. 
The negative figures (-.795, -1.440, -1.440 in 2011, 2016, 
and 2021, respectively) actually represent a saving of 
natural gas that occurred as a result of water table rise. 
Water pumping costs and pumping lifts increased in both 
Table 16. Water table decline, additional natural gas used, 
increase in pumping costs, and increase in 
pumping lifts under cost-increase scenario, 
objective 2a 
Year 1981 1986 1991 1996 
Water table decline 
per 5 years (feet) 0 8.799 8.456 5.094 
Additional natural gas 
used because of the 
decline (Therms^) 0 1.943 1.867 1.125 
Per acre-foot (VC^) 26.31 30.76 35.40 39.85 
Per acre-foot (TC°) 41.81 46.63 51.59 56.24 
in region A ($) 
Per acre-foot (VC) 33.83 39.36 45.04 50.55 
Per acre-foot (TC) 52.32 58.20 64.22 69.93 
in region B ($) 
Water lift in area 
A (feet) 350 358.799 367.255 372.349 
Water lift in area 
B (feet) 450 458.799 467.255 472.349 
^Therm = a unit of measurement for natural gas. 
^VC = variable cost. 
°TC = total cost. 
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2001 2006 2011 2016 2021 
3.463 1.743 -.795 -1.440 -1.440 
.765 .385 -.176 -.318 -.318 
44.21 48.42 52.31 56.09 59.84 
60.74 65.02 68.88 72.60 76.29 
55.97 61.24 66.20 71.04 75.85 
75.49 80.83 85.76 90.54 95.29 
375.812 377.555 376.760 375.320 373.880 
I 
475.812 477.555 476.760 475.320 473.880 
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regions (see Table 16, page 132, for more detail). 
If this scenario, represented by Table 15, page 123, is 
compared to no-change scenario, represented by Table 13, 
page 117, important differences will be found. Discounted 
I 
net returns under cost-increase scenario were declining 
faster than those under no-change scenario over time. 
Discounted net returns in 2021 of cost-increase scenario 
were the lowest among all discounted net returns under both 
scenarios. The reason for that was the assumption under 
cost-increase scenario where only variable costs increased 
over time. Water pumping was greater in no-change scenario 
than cost-increase scenario and total crop production was 
also greater in no-change scenario. Land use was less in 
this scenario than no-change scenario (see Tables 13 and 
15, pages 117 and 123, for more detail). 
Price-, cost- and yield-increase scenario 
This scenario represents the assumption of an increase 
in 1981 commodity prices by 2 percent, variable costs by 3 
percent, and crop yields by 0.7 percent. A total of nine 
solutions including the 1981 solution were obtained. The 
solutions were at every five year interval starting from 
1981 and ending at 2021. This scenario was designed to 
study the effect of commodity prices, variable costs, and 
crop yields on the discounted values of net returns, marginal 
value products, crop mix, decline in water table, and 
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increase in pumping costs. 
Table 17, page 136, is a summary of this scenario. Row 
one of the table shows the time periods. Rows two, three, 
and four show the net returns discounted at 3, 6, and 9 per­
cent, respectively. Net returns discounted at 3 percent 
(row 2) increase steadily over time and start with about 
$4.9 million in 1981 and end with about $7.7 million in 2021. 
Net returns discounted at 6 and 9 percent (rows 3 and 4) 
started each with about $4.9 million in 1981, then decreased 
steadily over time down to the lowest values of about $2.4 
million and $800,000 in 2021, respectively. Net returns 
discounted at 9 percent decrease at a faster rate than net 
returns discounted at 6 percent. 
Rows five, six, and seven of the table show amounts of 
water pumped from region A, region B, and total for both 
regions, respectively. Row five indicated that water pumped 
from region A increased up to year 1996, then decreased up 
to year 2001, then increased up to 2011, and finally de­
creased up to year 2021. Row six indicated that water pumped 
from region B increased up to year 1986, decreased up to 
1991, increased up to 2001; decreased up to 2011, increased 
up to 2016, and finally, decreased up to 2021. The fluctua­
tion in water pumping from year to year was due to the dif­
ferent crop water requirements. Over the time periods, 
more of certain crops was produced and lesser of others 
Table 17. Summary of price-, cost- and yield-increase 
scenario, objective 2a 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate ($) 4,907,523.1 5,508,082.6 6,133,802.1 6,593,549.7 
Net returns 2 
6% discount 
rate ($) 4,907,523.1 4,768,190.9 4,591,784.8 4,285,807.3 
Net returns 3 
9% discount 
rate ($) 4,907,523.1 4,148,945.3 3,468,056.9 2,825,807.0 
Water use 
(AF) 
Region A 88,241.5 91,540.7 95,272.3 96,652.9 
Region B 66,196.5 76,088.6 72,180.8 79,151.3 
Total 154,438.0 167,629.3 167,453.1 175,804.2 
Cotton — —  — — — — 
Barley — — — — 
Wheat 6,600 14,088.2 13,674.6 18,338.8 
Milo 6,000 6,000 6,000 6,000 
Corn 16,200 16,455 16,710 16,965 
Alfalfa 6,000 6,000 6,000 6,000 
Pinto bean 10,234.6 3,895 4,050 — — 
Total acres 
of land 45,034.6 46,438.2 46,434.6 47,303.8 
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2001 2006 2011 2016 2021 
6,905,353.3 7,227,198.1 7,400,365.6 7,577,023.9 7,667,254.3 
3,893,672.7 3,520,942.7 3,132,907.4 2,768,717.5 2,429,081.6 
2,231,908.8 1,752,302.1 1,355,153.6 1,043,186.5 795,773.6 
95,987.3 97,105.2 98,208.5 88,319.0 89,132.7 
79,416.4 7':,204.1 77,004.5 86,799.6 85,887.9 
175,403.7 175,309.3 175,213.0 175,118.6 175,020.7 
17,961.5 17,738.9 17,515.7 17,293.1 17,069.5 
6,000 6,000 6,000 6,000 6,000 
17,210 17,395 17,580 17,765 17,950 
6,000 6,000 6,000 6,000 6,000 
47,171.5 47,133.9 47,095.7 47,058.1 47,019.5 
138 
was sacrificed. Generally, total water pumping from both 
regions (row 7) increased over time. In 1981, it was 
154,438 acre-feet and in 2021 it was 175,020.7 acre-feet. 
Figure 14, page 139, illustrates the relationship be­
tween water pumping in regions A, B, and the total against 
the time periods. Water pumping in Region A increased slight­
ly up to 1996. The reason was increase in corn and alfalfa 
compared to reduction in milo and pinto bean production. 
Corn, alfalfa, and wheat require more water than pinto bean 
as stated before. The decrease in water pumping over the 
period from 1996 to 2001 was due to reduction in milo com­
pared to increase in wheat, corn, and alfalfa production. 
The increase in water pumping over the period from 2001 to 
2011 was due to increase in milo, corn, and alfalfa compared 
to decrease in wheat production. The decrease in water pump­
ing over the period from 2011 to 2016 was due to reduction in 
alfalfa compared to increase in wheat, milo, and corn produc­
tion. Finally, the increase in water pumping over the period 
from 2016 to 2021 was due to increase in milo and corn com­
pared to reduction in wheat and alfalfa production. 
Water pumping in region B increased sharply up to 1986. 
The reason was increase in wheat, milo, and corn production 
compared to decrease in alfalfa and pinto bean. The de­
crease in water pumping over the period from 1986 to 1991 
was due to decrease in milo and alfalfa production compared 
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total for both regions under price-, cost- and 
yield-increase scenario, objective 2a 
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to increase in wheat, corn, and pinto bean. The increase 
in water pumping over the period from 1991 to 2001 was due 
to increase in wheat, milo, and corn compared to decrease 
in alfalfa production. The decrease in water pumping over 
the period from 2001 to 2011 was due to decrease in milo 
and alfalfa compared to increase in wheat and corn produc­
tion. The sharp increase in water pumping over the period 
from 2011 to 2016 was due to an increase in corn and alfalfa 
compared to decrease in wheat and milo production. Finally, 
the slight decrease in water pumping over the period from 
2016 to 2021 was due to decrease in milo compared to in­
crease in wheat, corn, and alfalfa production (see Appendix 
B, Table B-2, for acres of the crops grown in regions A and 
B) . 
Total water pumping curve was a reflection of the net 
changes which occurred in regions A and B. Thus, the curve 
increased over some years and slightly decreased over the 
others (see Figure 14, page 139, and Table 17, page 136, 
for more detail). 
Figure 15, page 141, illustrates total land use in the 
area of study over time. Generally, there was an increase 
in land use over time due to the fact that more acres of 
land were used to produce crops. Rows eight to fourteen 
of Table 14, page 120, show the acreage of all crops came 
into solutions over the planning period. Cotton did not 
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increase scenario, objective 2a 
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come into any of the solutions because it was dominated 
by wheat and corn in terms of production costs. Barley did 
not come into any of the solutions at all because it was 
not profitable compared to the other crops. Mile and 
alfalfa were restricted to 6,000 acres each based on the 
region's local estimated demand. This demand was obtained 
from the records of the Agricultural Stabilization and 
Conservation Service in Willcox, Arizona. Based on the 
above source, any amounts of cotton, wheat, corn, and pinto 
bean can be absorbed by the national and international 
markets. For example, cotton, wheat, and corn are highly 
demanded by states other than Arizona. Pinto bean can be 
exported to other states and mainly to neighboring Mexico. 
A general comparison between this scenario represented 
by Table 17, page 136, and no-change scenario represented 
by Table 13, page 117, reveals a big increase in discounted 
net returns of the former over the second, a considerable 
increase in water pumping over no-change scenario, a general 
increase in the acreage of crops produced over no-change 
scenario, and a slight increase in total land use. The 
reason for these differences was due to the relaxation of 
the assumptions imposed on no-change scenario. Mainly allow­
ing commodity prices, variable costs, and crop yields to 
increase by 2, 3, and 0.7 percent, respectively (see Tables 
13 and 17, pages 117 and 136, for comparison). 
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A general comparison between this scenario and cost-
increase scenario indicates that discounted net returns at 
all levels were greater under this scenario; water pumping 
was higher under this scenario; more crop combination and 
acreage were used under this scenario; and finally, more land 
was used under this scenario. The reasons were the assump­
tions that commodity prices and crop yields change under this 
scenario (see Tables 15 and 17, pages 123 and 136, for com­
parison) . 
Table 18, page 144, presents the most important results 
obtained from this scenario. Water table (row 2) was con­
tinuously declining up to 1991. Between 1991 and 2021, the 
water table fluctuated, sometimes declining more and some­
times less compared to the period before. Cumulative water 
table decline from 1981 to 2021 totaled 81.52 feet, which 
averaged 2.04 feet per year. 
Natural gas use (row 3) also fluctuated similarly to 
the fluctuation in the decline in water table. Water costs 
in areas A and B (rows 4 and 5) increased based on the addi­
tional amounts of natural gas required to pump the water be­
cause of the decline in the water table, increase in natural 
gas cost over time, and increase in repairs and attendance 
costs over time. Rows 6 and 7 represent water lift every 
period in areas A and B. Water lift increases every period 
by the corresponding amounts in row 2. Water lift in area B 
Table 18. Water table decline, additional natural gas 
used, increase in pumping costs, and increase 
in pumping lifts under price-, cost- and yield-
increase scenario, objective 2a 
Year 1981 1986 1991 1996 
Water table decline 
per 5 years (feet) 0 8. 799 9. 921 10 .631 
Additional natural gas 
used because of the 
decline (Therms^) 0 1. 943 2. 191 2 .187 
Per acre-foot (VC^) 26. 31 30. 78 35. 55 40 .52 
Per acre-foot (TC^) 
in region A ($) 
41. 81 46. 63 51. 80 57 .17 
Per acre-foot (VC) 33. 84 39. 36 45. 09 51 .22 
Per acre-foot (TC) 
in region B ($) 
52. 32 58. 20 64. 33 70 .86 
Water lift in area 
A (feet) 350 358. 799 368. 720 378 .626 
Water lift in area 
B (feet) 450 458. 799 468. 720 478 .626 
^Therm = a unit of measurement for natural gas. 
^VC = variable cost. 
^TC = total cost. 
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2001 2006 2011 2016 2021 
10.616 10.582 10.574 10.566 10.558 
2.344 2.337 2.335 2.333 2.331 
45.78 51.27 56.98 62.93 69.08 
62.85 68.76 74.89 81.26 87.83 
57.55 64.09 70.97 77.86 85.09 
76.62 84.58 91.88 99.19 106.84 
389.242 399.824 410.398 420.964 431.522 
489.242 499.824 510.398 520.964 531.522 
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is greater by 100 feet than that in area A (see Table 18, 
page 144, for more detail). 
Price- and yield-increase scenario 
This scenario represents price- and yield-increase 
scenario where commodity prices were assumed to have in­
creased by 2 percent, variable costs remained constant, and 
crop yields increased by 0.7 percent over time. The purpose 
of this scenario was to study the effect of increase in com­
modity prices and crop yields on the values of the program, 
crop mix, decline in water table, and increase in pumping 
costs over time. The periods extend from 1981 to 2021 with 
solutions at every five year interval. This scenario was 
also considered as the best extreme. On the other extreme, 
there was cost-increase scenario, which was discussed before. 
Table 19, page 147, represents a summary of this 
scenario. Rows two, three, and four of the table represent 
the discounted net returns at 3, 6, and 9 percent, respec­
tively. A comparison of this scenario represented by Table 
19, page 147, and price-, cost- and yield-increase scenario 
represented by Table 17, page 136, reveals some differences. 
Dsicounted net returns in rows two, three, and four of this 
scenario were higher than those of price-, cost- and yield-
increase scenario. The reason was due to the different 
assumptions under each of the scenarios. Under this sce­
nario, variable costs were constant while under the other 
Table 19. Summary of price- and yield-increase scenario 
objective 2a 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate ($) 4,907,523.1 6,831,292.7 8,492,819.5 9,834,366.8 
Net returns 2 
6% discount 
rate ($) 4,907,523.1 5,913,656.3 6,357,753.1 6,392,338.4 
Net returns 3 
9% discount 
rate ($) 4,907,523.1 5,145,649.0 4,801,847.3 4,214,728.6 
Water use 
(AF) 
Region A 88,241.5 89,430.3 92,678.6 93,924.1 
Region B 66,196.5 65,571.3 69,869.7 62,328.7 
Total 154,438.0 155,001.6 162,548.3 156,252.8 
Cotton — —  — 4,050 4,205 
Barley —  —  — - —  
Wheat 6,600 6,700 8,000 4,050 
Milo 6,000 6,000 6,000 6,000 
Corn 16,200 16,455 16,710 16,965 
Alfalfa 6,000 6,000 6,000 6,000 
Pinto bean 10,234.6 9,903 3,981.1 6,703.5 
Total acres 
of land 45,034.6 45,058 44,741.1 43,923.5 
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2001 2006 2011 2016 2021 
10,961,920.2 11,945,116.6 12,686,163.0 13,344,802.4 13,842,626.0 
6,181,020.4 5,819,415.8 5,370,623.0 4,876,319.2 4,385,516.1 
3,543,049.2 2,896,205.8 2,323,087.9 1,837,280.5 1,436,706.8 
93,179.6 94,086.2 94,979.4 95,886.0 96,772.6 
62,584.8 62,159.3 61,739.6 61,314.2 60,907.1 
155,764.4 156,245.5 156,719.0 157,200.2 157,679.7 
4,357 4,472 4,587 4,702 4,817 
3,506 3,541 3,572 3,607 3,642 
6,000 6,000 6,000 6,000 6,000 
17,210 17,395 17,580 17,765 17,950 
6,000 6,000 6,000 6,000 6,000 
6,671.8 6,328.9 5,988.9 5,646 5,302.3 
43,744.8 43,736.9 43,727.9 43,720 42,711.3 
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they were varying over time. Moreover, the discounted net re­
turns increased at a higher rate under this scenario than 
those under price-, cost- and yield-increase scenario over 
time (see Tables 17 and 19, pages 136 and 147, for more detail). 
Rows five, six, and seven represent amounts of water 
pumped from regions A, B, and total for both regions, respec­
tively. Region A under price-, cost- and yield-increase sce­
nario used more water than under this scenario up to 2011, 
then used less water up to 2021. Region B under price-, 
cost- and yield-increase scenario used more water than under 
this scenario all the way up to 2021. The reason was due to 
the increase in wheat production and the decrease in pinto 
bean production under price-, cost- and yield-increase sce­
nario and the reverse was true under this scenario. Wheat 
requires 3.33 acre-feet of water per acre while pinto bean 
requires 2 acre-feet of water per acre per season (see Tables 
17 and 19, pages 136 and 147, for more detail). 
A brief comparison of this scenario with no-change sce­
nario is important. Under this scenario (Table 19, page 147), 
discounted net returns (at 3 percent) were increasing while 
under no-change scenario (Table 13, pages 117), they were de­
creasing. The reason was that price and yield variables were 
changing over time under this scenario and were held constant 
under no-change scenario. Discounted net returns (at 6 per­
cent) increased up to 1996 and then decreased all the way up 
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to 2021 under this scenario, while the same discounted net 
returns decreased all the way up to 2021 under no-change sce­
nario. Discounted net returns (at 9 percent) decrease was 
quicker under no-change scenario. The reason was the varia­
tion of price and yield over time under this scenario as 
compared to being constant under no-change scenario. Water 
pumping in region A under this scenario was higher than it 
was under no-change scenario. Generally, water pumping in 
region B under this scenario was less than it was under no-
change scenario with the exception of 1991. Total water 
pumping was higher under this scenario than it was under no-
change scenario. Crop mix was greater, in general terms, 
under this scenario than under no-change scenario. Total 
land use was less under this scenario than under no-change 
scenario because of the intensive use of the better quality 
land instead of use of poor quality land. 
Figure 16, page 151, illustrates the relationship be­
tween water pumping in regions A, B, and total for both re­
gions against time. The region A curve shows a general in­
crease in water pumping over time due to increase in wheat, 
alfalfa, and pinto bean compared to change in milo. The re­
gion B curve shows fluctuation in water pumping up to 2001 
and then a general decline up to 2021 due to decrease in 
alfalfa and fluctuations in wheat and pinto bean compared to 
increase in corn over time (see Appendix B, Table B-3, for 
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more detail). The total water pumping curve indicates an in­
crease in water pumping from 1981 to 1991 with a sharp in­
crease from 1986 to 1991. The reason for that was the produc­
tion of cotton, which was not there before, and the reduction 
of pinto bean (see Table 19, page 147). Expected water pump­
ing from 1991 to 2001 decreased sharply. The reason was the 
sharp decrease in wheat and pinto bean compared to increase in 
cotton and corn. During the same period, cotton and corn pro­
duction increased but total water which was required for wheat 
and pinto bean was more than that required by new cotton and 
corn acreage. Between 2001 and 2021, expected water pumping 
slightly increased over time (see Table 19, page 147, for 
more detail). 
Figure 17, page 153, represents total land use in the 
area of study. Total land use increased slightly from 1981 to 
1986, then decreased sharply after that up to 2001. From 2001 
to 2021, land use was relatively constant. The reason for the 
sharp decrease from 1986 to 2001 was the reduction in land de­
voted to wheat production and the slight increase from 1981 to 
1986 was due to the net increase of wheat and corn against a 
decrease in pinto bean (see Figure 17, page 153, and Table 19, 
page 147, for more detail). 
Table 20, page 154, summarizes some of the important re­
sults in terms of decline in water table, additional natural 
gas used, increase in pumping costs, and increase in pumping 
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scenario, objective 2a 
Table 20. Water table decline, additional natural gas 
used, increase in pumping costs, and increase 
in pumping lifts under price- and yield-
increase scenario, objective 2a 
Year 1981 1986 1991 1996 
Water table decline 
per 5 years (feet) 0 8.799 8.847 9.489 
Additional natural gas 
used because of the 
decline (Therms^) 
Per acre-foot (VC^) 
Per acre-foot (TC°) 
in region A ($) 
Per acre-foot (VC) 
Per acre-foot (TC) 
in region B ($) 
Water lift in area 
A (feet) 
Water lift in area 
B (feet) 
0 
26.31 
41.81 
33.83 
52.32 
350 
450 
1.943 
30.78 
46.63 
39.36 
58.20 
358.799 
458.799 
1.953 
35.44 
51.64 
45.08 
64.27 
367.646 
467.646 
2.095 
40.35 
56.93 
51.06 
70.63 
377.135 
477.135 
^Therm = a unit to measure natural gas. 
^VC = variable cost. 
= total cost. 
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2001 2006 2011 2016 2021 
8.953 
1.977 
45.41 
62.35 
57.17 
76.45 
386.088 
486.088 
8.912 
1.968 
50.66 
67.96 
63.48 
83.12 
395.00 
495.00 
8.953 
1.977 
56.09 
73.75 
69.97 
89.97 
403.953 
503.953 
8.993 
1.986 
61.72 
79.74 
76.66 
97.02 
412.946 
512.946 
9.034 
1.995 
67.55 
85.93 
83.56 
104.28 
421.98 
521.98 
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lifts in regions A and B over time. The cumulative water 
table decline over the entire 40-year period was 71.98 feet, 
averaging 1.80 feet per year. Natural gas increased parallel 
to the decline in the water table. As a result of the addi­
tional natural gas used and increase in repairs and attend­
ance costs, pumping costs increased over time up to a high 
of $85.93 in region A and $104.28 in region B in 2021. Water 
lift in both regions increased by the number of feet of water 
table decline, reaching the highest lift of about 422 feet 
in region A and about 522 feet in region B in 2021 (see 
Table 20, page 154, for more detail). 
The time period of this study (1981-2021) was extended 
to 2081. The purpose of the extension was to find the year 
and well lift at which economic exhaustion occurs. Economic 
exhaustion occurs when net returns become zero under this 
study because cost of water was included in the total per 
acre crop costs. 
Under no restriction on groundwater pumping section 
and no-change scenario, and at 3, 6, and 9 percent discount 
rates, economic exhaustion occurred at 2031 and 558.4 feet 
of lift, 2026 and 514.4 feet of lift, and 2022 and 479.2 
feet of lift, respectively; under price-, cost- and yield-
increase scenario, economic exhaustion occurred at 2035 and 
621.5 feet of lift, 2031 and 581.5 feet of lift, and 2026 
and 531.5 feet of lift, respectively; under price- and 
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yield-increase scenario, economic exhaustion occurred at 
2041 and 656.0 feet of lift, 2037 and 619.2 feet of lift, 
and 2031 and 564.0 feet of lift, respectively. Economic 
exhaustion occurred at 2021 and 423.9 feet of lift under 
cost-increase scenario without extension in the time period 
as stated before. 
Limiting Water Pumping to Annual Recharge, in Order 
to Maintain Economic Productivity 
Through the Target Year 2021 
In this section, water pumping was limited to annual 
recharge (51,000 acre-feet). This amount of recharge repre­
sents only 30 percent of total water pumped in 1981 and 0.8 
percent of the estimated total water storage in the basin. 
The sources of recharge are rainfall, snow falling on the 
mountains during the winter, and water downflow from crop 
irrigation. The period covered by this section is the same 
as the one covered in the last section with solutions at 
every five-year interval. The same four scenarios used in 
the last section will be used and discussed in this section. 
No-change scenario 
This scenario is similar to no-change scenario under 
the unrestricted water pumping section above. The only dif­
ference is in pumping of water. In this section, water pump­
ing was restricted to 51,000 acre-feet per year while in the 
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above section there were no restrictions on water pumping. 
Commodity prices, variable costs, and crop yields were 
assumed to remain constant over time and the 1981 values of 
those parameters were assumed to continue over the planning 
period. Because of the above assumptions, all nine solu­
tions were exactly the same. The 1981 solution will be 
analyzed and assumed to be a representative for the rest. 
Table 21, page 159, shows resources used and their 
marginal value products and activities in the solution and 
their amounts. Columns one, four, and five are obvious and 
need no explanation. Column two represents the amounts of 
different resources used by the program to obtain the opti­
mum solution. Only classes and of land (best land) 
were used. In comparison to Table 13, page 117, this pro­
gram used less land, labor, and capital. The reason was 
that total water pumping was restricted to only 51,000 acre-
feet per year. Since this 51,000 acre-feet or recharge is 
available every year, then it could be called the dependable 
water supply and assumingly, it could continue forever. But 
in this study, the author is concerned only with the period 
from 1981 to 2021. Column three shows the marginal value 
products, sometimes called shadow prices. Only two figures 
are shown on column three. One is $17.02 on land I^. It 
means an addition of one acre of land I^ will increase the 
value of the program by $17.02. The second is $50.03 on 
Table 21. Resources used and their marginal value products and activities in 
the solution and their amounts^ 
Row 
and 
resource 
Resources 
used 
MVP 
$ 
Column and 
activities 
in the solution 
Land 
class 
re-
qion 
Activity 
amounts 
ROl land 
R02 land 
R09 labor 
(Jan-Mar) 
RIO labor 
(Apr-June) 
Rll labor 
(July-Sep) 
R12 labor 
(Oct-Dec) 
R63 water 
R78 capital 
7,700.0 AC 17.02 
7,131.7 AC 
38,265.8 Hr 
57,695.4 Hr 
57,398.8 Hr 
23,285.8 Hr 
52,000 AF 50.03 
$3,735,703 
P05 corn 
P14 corn 
P75 corn sell 
P80 natural gas 
LB 
7,700.0 AC 
7,131.7 AC 
126,069,595.0 Lb 
4,980,885.3 Therm 
^ROl, ..., R78 = codes given to the row constraints, MVP = marginal value 
products, AC = acre, Hr = hour, AF = acre-feet, = class one land in regions 
A and B, Lb = pound, and Therm = a unit for natural gas measurement. 
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water pumping. It means an additional one acre-foot of 
water to the program will increase its value by $50.03. 
Column six shows the levels or amounts of activities that 
came into the solution. For example, 7700 acres of corn 
were produced on land I and 7131.7 acres of the same crop 
were produced on land 1^. Over four million Therms of 
natural gas were used to pump the water required for irriga­
tion (see Table 21, page 159, for more detail). 
Table 22, page 161, represents a summary of no-change 
scenario. All values represented by the rows were constant 
over time except for the discounted net return rows. The 
reason was that the 1981 price and cost variables were con­
sidered constant over time. Net returns (rows 2, 3, and 4) 
were discounted at 3, 6, and 9 percent, respectively. Dis­
counted net returns started with about $2.6 million in 1981 
and ended with about $786,000, $249,000, and $81,000 in 
2021, respectively. The reason for the decrease in net 
returns was the discounting, which brought the future values 
to the 1981 values. Only corn came into solution because 
water was limited. 
As expected, there was no decline in water table or use 
of additional natural gas than what has been used in 1981. 
The reason was due to using only annual recharge, which is 
renewable every year. This recharge was assumed to be con­
stant over time for simplification purposes. The above is 
Table 22. Summary of no-change scenario, objective 2b 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate ($) 2,563,412.9 2,209,838.7 1,912,994.7 1,643,213.4 
Net returns 2 
6% discount 
rate ($) 2,563,412.9 1,912,994.7 1,432,074.3 1,068,088.7 
Net returns 3 
9% discount 
rate ($) 2,563,412.9 1,664,553.8 1,081,608.8 704,234.3 
Water use 
(AF) 
Region A 26,996.2 26,996.2 26,996.2 26,996.2 
Region B 24,003.8 24,003.8 24,003.8 24,003.2 
Total 51,000 51,000 51,000 51,000 
Cotton —  —  — —  — —  
Barley — — 
Wheat 
Milo 
Corn 14,546.5 14,546.5 14,546.5 14,546.5 
Alfalfa — — —  — —  — —  
Pinto bean — —  — — — —  — —  
Total acres 
of land 14,546.5 14,546.5 14,546.5 14,546.5 
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2001 2006 2011 2016 2021 
1,416,250.2 1,226,513.4 1,054,902.4 912,246.6 786,323.0 
798,571.0 597,532.1 446,587.6 333,343.7 249,116.9 
457,752.3 297,379.7 193,173.5 125,595.9 81,611.4 
26,996.2 26,996.2 26,996.2 26,996.2 26,996.2 
24,003.2 24,003.2 24,003.2 24,003.2 24,003.2 
51,000 51,000 51,000 51,000 51,000 
14,546.5 14,546.5 14,546.5 14,546.5 14,546.5 
14,546.5 14,546.5 14,546.5 14,546.5 14,546.5 
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true over all the scenarios in this section. 
Cost-increase scenario 
This scenario represents cost-increase scenario plus 
the restriction on water pumping to annual recharge. Com­
modity prices and crop yields were assumed to remain fixed, 
while variable costs increased by 3 percent annually. Table 
23, page 164, summarizes the results of this scenario. The 
discounted net returns (rows 2, 3, and 4) in the table 
showed a continuous decline over time. Discounted net return 
in row 4 was the smallest of all in 2016. There were no net 
returns under any of the discount rates in 2021 because the 
economic exhaustion of the restricted pumping was reached 
in 2021. Water pumping in regions A and B fluctuated over 
time depending on the kinds of crops raised. Total water 
pumping was constant over time except in 2006, 2011, 2016, 
and 2021, where pumping continued to decrease and stopped 
completely in 2021 because of the ineconomic production. 
After 2021, net returns were zero, which implies costs were 
higher than returns. 
Figure 18, page 166, illustrates the relationship be­
tween water pumping and time. Because crops can be grown in 
region A and/or B, the two curves are opposite of each other 
because the more crops grown in region A, the less in region 
B, and the reverse is true. The condition which makes the 
above true is the maximum constraint on water pumping of 
Table 23. Summary of cost-increase scenario, objective 2b 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate ($) 2,563,412.9 1,681,243.9 1,127,790.8 794,775.3 
Net returns 2 
6% discount 
rate ($) 2,563,412.9 1,455,405.2 844,267.9 516,603.9 
Net returns 3 
9% discount 
rate ($) 2,563,412.9 1,266,391.5 637,653.8 340,618.0 
Water use 
(AF) 
Region A 26,996.2 27,416.9 34,600.6 33,902.2 
Region B 24,003.8 23,583.1 16,399.4 17,097.8 
Total 51,000 51,000 51,000 51,000 
Cotton — —  —  —  —  
Barley — —  — — 
Wheat 5,070.7 
Milo 4,827.7 — —  
Corn 14,546.5 14,546.5 — — —  —  
Alfalfa — —  — —  6,000 6,000 
Pinto bean mm — — — — 
Total acres 
of land 14,546.5 14,546.5 10,827.7 11,070.7 
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2001 2006 2011 2016 2021 
510,467.4 290,487 167,039.4 65,331.6 0 
287,833.6 141,519.3 70,715.3 23,872.8 0 
164,990.3 70,431.3 30,588.2 8,994.7 0 
34,583.7 41,651.3 34,074 34,074 0 
16,416.3 —  —  —  —  0 
51,000 41,651.3 34,074 34,074 0 
5,070.7 2,270 — —  
6,000 6,000 6,000 6,000 — —  
11,070.7 8,270 6,000 6,000 —  —  
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Figure 18. Water pumped for irrigation in regions A, B, and 
total for both regions under cost-increase 
scenario, objective 2b 
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51,000 acre-feet per year. 
Water pumping in region A slightly increased over the pe­
riod from 1981 to 1986 due to increase in corn production. The 
sharp increase in water pumping over the period from 1986 to 
1991 was due to the production of milo and alfalfa and the dis­
appearance of corn production. The decrease in water pumping 
over the period from 1991 to 1996 was due to the decrease in 
alfalfa and the disappearance of milo compared to production 
of wheat. The increase in water pumping from 1996 to 2006 was 
due to increase in alfalfa production compared to decrease in 
wheat production over time. The decrease in water pumping 
over the period from 2006 to 2011 was due to decrease in wheat 
production while alfalfa production remained constant over time. 
The sharp decrease in water pumping over the period from 2016 
to 2021 was due to zero production of all crops. That is, at 
2021 the economic exhaustion of the maximum restriction on wa­
ter pumping under this scenario was reached. At 2021, costs 
of producing crops were higher than revenue from those crops. 
Region B showed the exact opposite of region A(see Appendix B, 
Table B-4, for acres of the crops grown in regions A and B). 
Total water pumping was the addition of withdrawal from 
regions A and B and was constant over time up to 2001, then 
continued to decline down to zero in 2021 (see Table 23, page 
164, for more detail). 
Figure 19, page 168, represents the relationship between 
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total land use and time. Total land use was constant from 
1981 to 1986 because the same amounts of crops were produced 
every year. Land use dropped after 1986 up to 1991 due to 
lower crop production. Total land use slightly increased 
between 1991 and 1996 due to more wheat production than milo 
in the period before. After 1996, total land use stayed 
constant up to 2001, then continued to drop down to zero in 
2021 because of insufficient water to produce the crops. 
See Figure 19, page 168, for more detail. 
A comparison between this scenario represented by Table 
23, page 164, and no-change scenario represented by Table 
22, page 161, indicates that lower discounted net returns 
were experienced under this scenario. The reasons were 
water restriction, which was common in both, and the assump­
tion of cost increase by 3 percent while commodity prices 
and crop yields were constant in this scenario. Water pump­
ing in region A, under this scenario, was generally higher 
than the same water pumping under no-change scenario. In 
region B, water pumping was generally less than the same one 
under no-change scenario. At 2021, this scenario used no 
water while no-change scenario used the exact 51,000 acre-
feet. More crop combination was produced under this scenario 
but there were lesser crop quantities and fewer acres of 
total land use (see Tables 22 and 23, pages 161 and 164, 
for more detail). 
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Price-, cost- and yield-increase scenario 
In this scenario, commodity prices were assumed to have 
been increased by 2 percent, variable costs by 3 percent, 
and crop yields by 0.7 percent annually. Table 24, page 
171, contains a summary of this scenario. The table is 
similar to Tables 15, 17, and 19, pages 123, 136, and 147, 
in the previous section except water pumping was restricted 
to 51,000 acre-feet per year under this scenario. Rows 2, 
3, and 4 represent net returns discounted at 3, 6, and 9 
percent, respectively. Discounted net returns in row 2 
steadily increased starting from about $2i6 million in 1981 
and ending with about $3 million in 2021. Discounted net 
returns in row 3 steadily decreased starting from about $2.6 
million in 1981 and ending with about $995 thousand in 2021. 
Discounted net returns in row 4 steadily decreased all the 
way starting from about $2.6 million in 1981 and ending with 
about $326 thousand in 2021. 
Rows 5, 6, and 7 represent water pumping in regions A, 
B, and total for both regions, respectively. Water pumping 
in region A increased over time, in region B decreased over 
time, and the total was constant over time. Only one crop 
(corn) was produced with equal acreage every time period. 
Total land use was constant over time because only corn was 
produced on equal acreage every time period. 
Figure 20, page 173, represents water pumping in regions 
Table 24. Summary of price-, cost- and yield-increase 
scenario, objective 2b 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate ($) 2,563,412.9 2,714,640.4 2,885,041.1 2,979,526.7 
Net returns 2 
6% discount 
rate ($) 2,563,412.9 2,349,987.2 2,159,751.5 1,936,692.3 
Net returns 3 
9% discount 
rate ($) 2,563,412.9 2,044,794.1 1,631,204.7 1,276,940.0 
Water use 
(AF) 
Region A 26,996.2 27,416.9 27,837.6 28,258.4 
Region B 24,003.8 23,583.1 23,162.4 22,741.6 
Total 51,000 51,000 51,000 51,000 
Cotton — —  — — 
Barley — — —  
Wheat — — — — —  
Milo — 
Corn 14,546.5 14,546.5 14,546.5 14,546.5 
Alfalfa — —  — — 
Pinto bean — — — —  — — 
Total acres 
of land 14,546.5 14,546.5 14,546.5 14,546.5 
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2001 2006 2011 2016 2021 
3,039,775.9 3,110,164.5 3,125,727.5 3,148,610.2 3,143,007.3 
1,714,016.9 1,515,208.3 1,323,260.9 1,150,532.5 995,743.8 
982,499.0 754,088.6 572,382.7 433,493.1 326,208.3 
28,679.1 28,994.6 29,310.2 29,625.7 29,941.2 
22,320.9 22,005.4 21,689.9 21,374.3 21,058.8 
51,000 51,000 51,000 51,000 51,000 
14,546.5 14,546.5 14,546.5 14,546.5 14,546.5 
14,546.5 14,546.5 14,546.5 14,546.5 14,546.5 
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Figure 20. Water pumped for irrigation in regions A, B, and 
total for both regions under price-, cost- and 
yield-increase scenario, objective 2b 
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A, B, and total for both regions. More water was pumped in 
region A than region B due to the difference in pumping 
lifts, 350 feet in A and 450 feet in B. Water pumping in 
region A continuously increased over time up to 2021 due 
to continuous increase in corn production in region A. 
Water pumping in region B continuously decreased over time 
up to 2021 due to fewer and fewer acres of corn produced 
(see Appendix B, Table B-5, for more detail). As is clear 
from Figure 20, the two curves for regions A and B were 
exactly opposite of each other. That is, when one segment 
on curve A increases, the corresponding one on curve B de­
creases and the reverse was true. The reason for that was 
that water from both regions was used to irrigate the total 
amount of crops shown in Table 24, page 171. The figures 
representing the acreage of the crops grown in Table 24 
were sums of what was produced in region A and B. From 
Figure 20, it was clear that more crops were produced in re­
gion A over that produced in region B. Total water pumping 
was constant over time because of the restriction of pumping 
only annual recharge. 
Figure 21, page 175, illustrates the relationship be­
tween total land use and the time periods. Total land use 
was constant over all the time periods up to 2021 because 
only corn was produced in constant acreage over time (see 
Figures 20 and 21, pages 173 and 175, for more detail). 
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Figure 21. Total land use under price-, cost- and yield-
increase scenario, objective 2b 
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A comparison between this scenario represented by 
Table 24, page 171, and cost-increase scenario represented 
by Table 23, page 164, shows some differences. Discounted 
net returns represented by row 2 under this scenario in­
creased over time while the same discounted net returns 
under cost-increase scenario decreased over time. The 
reason was the different assumptions under both scenarios. 
Discounted net returns in rows 3 and 4 under this scenario 
decreased less quickly than the similar discounted net 
returns under cost-increase scenario due to the same reason 
stated above. Water pumping in region A under this scenario 
was generally less than the similar one under cost-increase 
scenario except for 2016 and 2021 where no pumping was 
experienced under cost-increase scenario. Water pumping 
in region B was generally greater under this scenario than 
under cost-increase scenario. Crop combination was greater 
under cost-increase scenario than under this scenario, but 
crop acreage was less under cost-increase scenario than 
under this scenario. Thus, land use was less under cost-
increase scenario than this scenario (see Tables 23 and 24, 
pages 164 and 171, for comparison). 
Another comparison between this scenario represented 
by Table 24, page 171, and no-change scenario represented 
by Table 22, page 161, reveals some important differences. 
Discounted net returns at 3 percent under no-change scenario 
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were decreasing over time while those under this scenario 
were increasing over time. The reason was due to the dif­
ference in the assumptions. Under no-change scenario, 
nothing was changing over time, while under this scenario, 
commodity prices, variable costs, and crop yields were 
changing. Discounted net returns at 6 percent were decreas­
ing over time under no-change scenario at a quicker rate 
than those under this scenario. The reason was the cost 
increase assumption under this scenario. Both discounted 
net returns at 9 percent under both scenarios decreased 
over time, but the rate of decrease was quicker under no-
change scenario. Again, the reason was due to the differ­
ence in the assumptions. Water pumping in regions A and B 
under this scenario fluctuated over time, while that under 
no-change scenario was constant. The reasons for the fluc­
tuation under this scenario were due to different crop water 
requirements and to different crop mix over time, but not 
under the no change scenario because nothing was changing. 
Under both scenarios, same amounts of corn were produced 
but the distribution between regions A and B in each sce­
nario was different. Same acreage of land was used under 
each scenario over time because same amounts of crops were 
produced under each scenario. 
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Price- and yield-increase scenario 
This scenario is similar to price- and yield-increase 
scenario in the unrestricted pumping section above. The 
only difference was in terms of water pumping restrictions. 
No water pumping restrictions were imposed in section one 
while a 51,000 acre-feet equality constraint was imposed 
in this section. If this scenario represented by Table 25, 
page 179, and price-, cost- and yield-increase scenario 
represented by Table 24, page 171, were compared in terms 
of net returns, it would be found that net returns dis­
counted at 3 percent increase more rapidly under this sce­
nario than the other scenario. Discounted net returns at 
6 percent increase up to 1996 and then decrease up to 2021 
under this scenario, while the same discounted net returns 
under price-, cost- and yield-increase scenario decrease 
all the way up to 2021. Discounted net returns at 9 percent 
under this scenario decrease less rapidly than the same dis­
counted net returns under price-, cost- and yield-increase 
scenario; the reason was the assumption that cost was con­
stant under this scenario while it was increasing under 
price-, cost- and yield-increase scenario. 
Figure 22, page 181, illustrates the relationship be­
tween water pumping in the area and the time periods. Water 
pumping in region A increased from 1981 to 1986 because more 
corn was produced; it decreased sharply after that up to 
Table 25. Summary of price- and yield-increase scenario, 
objective 2b 
Year 1981 1986 1991 1996 
Net returns 1 
3% discount 
rate ($) 2,563,412.9 3,248,130.8 4,118,626.1 4,933,968.0 
Net returns 2 
6% discount 
rate ($) 2,563,412.9 2,811,814.7 3,083,217.3 3,207,079.2 
Net returns 3 
4% discount 
rate ($) 2,563,412.9 2,446,644.0 2,328,674.7 2,114,557.7 
Water use 
(AF) 
Region A 26,996.2 27,416.9 24,977.4 25,358.0 
Region B 24,003.8 23,583.1 26,022.6 25,642.0 
Total 51,000 51,000 51,000 51,000 
Cotton — — — — 
Barley — — 
Wheat — — — — 
Milo — — — —  — —  
Corn 14,546.5 12,003.1 — —  
Alfalfa — — —  
Pinto bean M — 4,451.9 25,461.8 25,461.8 
Total acres 
of land 14,546.5 16,455.0 25,461.8 25,461.8 
180 
2001 2006 2011 2016 2021 
5,621,722.4 6,219,937.4 6,671,132.6 7,069,623.3 7,371,814.4 
3,169,880.9 3,030,225.9 2,824,190.3 2,583,308.4 2,335,482.5 
1,817,021.0 1,508,082.3 1,221,616.6 973,328.8 765,110.3 
25,746.6 26,027.0 26,307.4 26,587.8 26,868.2 
25,253.4 24,973.0 24,692.6 24,412.2 24,131.8 
51,000 51,000 51,000 51,000 51,000 
— —  
—  —  
—  —  — —  
— 
— —  
— —  —  
—  —  
—  —  —  —  
25,461.8 25,461.8 25,461.8 25,461.8 25,461.8 
25,461.8 25,461.8 25,461.8 25,461.8 25,461.8 
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1991 because of the disappearance of corn production, which 
requires more water than pinto bean. Finally, it steadily 
increases because of a slight increase in pinto bean pro­
duction. The opposite was true in region B. Total water 
pumping was constant because of the restriction (see 
Appendix B, Table B-6, and Table 25, page 179, for more 
detail) . 
Figure 23, page 183, represents the relationship be­
tween total land use and the time periods. Total land use 
increased sharply from 1981 to 1991, then remained constant 
until 2021. The reason for the increase from 1981 to 1991 
was the introduction of pinto bean in 1986 and the greater 
number of acres of the same crop in 1991. The curve was 
constant after 1991 because the same amounts of pinto bean 
were produced over time (see Table 25, page 179, for more 
detail). 
A comparison between this scenario represented by Table 
25, page 179, and no-change scenario represented by Table 
22, page 161, reveals some differences. Discounted net 
returns under this scenario were higher than those under 
no-change scenario due to the increase in price and yield 
variables over time under this scenario compared to the 
constant price, cost, and yield variables under no-change 
scenario. General water pumping in regions A and B under 
this scenario were fluctuating over time and different from 
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Figure 23. Total land use under price- and yield-increase 
scenario, objective 2b 
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the constant pumping under no-change scenario. Total land 
use and crop production were higher under this scenario 
than under no-change scenario (see Tables 22 and 25, pages 
161 and 179, for more detail). 
A comparison between this scenario represented by Table 
25, page 179, and cost-increase scenario represented by 
Table 23, page 164, reveals some differences. Discounted 
net returns under this scenario were all higher than those 
under cost-increase scenario due to difference in assump­
tions. Under this scenario, price and yield were increas­
ing over time, while under cost-increase scenario only cost 
was increasing over time. Water pumping in region A under 
this scenario was less than that under cost-increase sce­
nario because more crops were produced in region A under 
cost-increase scenario. The reason for more crops in region 
A than region B was due to cheaper pumping costs in region 
A because of the lesser cost of water lift. Water pumping 
in region B under this scenario was greater than that under 
cost-increase scenario due to more crops grown under this 
scenario. More crop combination was grown under cost-
increase scenario, but fewer acres than under this scenario. 
Under groundwater pumping restriction to annual re­
charge section and no-change scenario, economic exhaustion 
could not be reached. The reasons were (1) pumping only 
annual recharge which is renewable every year, and (2) prices. 
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costs, and yields were not changing over time. Physical 
exhaustion could not be reached also. Under price-, cost-
and yield-increase and price- and yield-increase scenarios, 
economic exhaustion could not be reached even with the time 
period extension from 2021 to 2081. A very long time 
period was required to determine economic exhaustion under 
these scenarios and time and funds could not allow that. 
Economic exhaustion occurred at 2016 and 400 feet of lift 
under cost-increase scenario. The 400 feet of lift was 
the same lift in 1981. The reason was only annual recharge, 
which was renewable, was pumped every year. Thus, there 
was no decline in water table over time. 
As stated before, the time interval over which this 
study extended was divided into nine periods with five-year 
intervals. Optimum solutions were obtained at every period 
of the nine periods. In each period, the total amount of 
water pumped from regions A and B was found. The amounts 
of water pumped in each year between every two periods was 
> estimated by adding the amount pumped at the beginning of 
the period to the amount pumped at the end and dividing by 
two. For example, if 1981 and 1986 periods were picked, 
then the total amount of water pumped during 1981 will be 
added to the amount pumped during 1986. The sum will be 
divided by two to obtain an average and the average was con­
sidered as the approximate amount of water pumped in each of 
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the years from 1982 to 1985. 
In each of the scenarios discussed under unrestricted 
pumping and restricted pumping to annual recharge sections 
above, total water pumping from 19 81 to 2021 was calculated. 
In unrestricted pumping section and under no-change sce­
nario, a total of 6,177,520 acre-feet of water were pumped; 
under cost-increase scenario a total of 2,972,423.7 acre-
feet were pumped; under price-, cost- and yield-increase 
scenario a total of 6,885,303.1 acre-feet were pumped; and 
finally, under price- and yield-increase scenario, a total 
of 6,278,954.5 acre-feet were pumped. The greatest amount 
of water pumped was under price-, cost- and yield-increase 
scenario followed by the price- and yield-increase scenario, 
followed by the no-change scenario and finally by cost-
increase scenario. 
Total water in storage in 1981 was 6,500,000 acre-feet 
according to the U.S. Geological Survey estimates (3, p. 6). 
Total water recharge over the period from 1981 to 2021 was 
2,040,000 acre-feet. Total water in storage plus total 
recharge amounts to 8,540,000 acre-feet. A total of 
2,362,480 acre-feet of water were left in storage under no-
change scenario, 5,56 7,576.3 acre-feet were left under cost-
increase scenario, 1,654,696.9 acre-feet were left under 
price-, cost- and yield-increase scenario, and 2,261,045.5 
acre-feet were left under price- and yield-increase scenario. 
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The highest amount of water left in storage after 2021 was 
under cost-increase scenario, and the lowest was under the 
price-, cost- and yield-increase scenario. 
In each of the scenarios under restricted pumping to 
annual recharge section, a total of 2,040,000 acre-feet 
of water were pumped over the period from 1981 to 2021. 
This total was small compared to totals under each of the 
scenarios in unrestricted pumping section because of the 
restriction imposed on water pumping. The restriction was 
an equality constraint to pump only 51,000 acre-feet per 
year or what is equal to annual recharge. Total water in 
storage (6,500,000 acre-feet) was left unused after 2021. 
Analysis of the Policy Options that Contribute to 
Achieving Study Objectives One and Two 
An analysis of several policy options to achieve the 
objectives of the study will be explained in this section. 
The most important policy options were taxes and quotas. 
Some other policy options of less importance were allot­
ments, subsidies, and prohibition. The policy options will 
be explained below. 
Percentage tax on groundwater pumping 
This tax was a percentage tax on the cost of each acre-
foot of water pumped. The tax was imposed on water pumping 
in section one above. Under this section, there were no 
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restrictions on water pumping. Moreover, price-, cost- and 
yield-increase scenario in section one was chosen because 
it most closely matched real conditions. Under price-, 
cost- and yield-increase scenario, commodity prices, vari­
able costs, and crop yields increased by 2, 3, and 0.7 per­
cent, respectively. 
Parametric analysis was performed on a range of taxes 
over time. Several tax rates were tried in each period. 
The range of the tax tried was from 10 to 1100 percent of 
the 19 81 cost of water pumping per acre-foot. The range 
was wide, but it was necessary to find the amount of tax 
which forces the farmers in the area of study to pump only 
annual recharge (51,000 acre-feet), and to cover the whole 
period from 1981 to 2021. 
The goal of forcing the farmers in the area of study 
to pump only recharge was picked arbitrarily to illustrate 
the tax mechanism; any other rate of water pumping between 
the no restriction pumping rate and pumping only annual re­
charge can be used and the results will be the same. It is 
more likely that the rate of water pumping preferred by the 
Willcox community will be somewhere between the no restric­
tion pumping rate and pumping only annual recharge. 
The theoretical part of the tax analysis was covered 
in Chapter 2, and in this chapter the application results 
are explained. 
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Figure 24, page 190, illustrates the relationship be­
tween the time periods and the percentage of tax necessary 
to force farmers in the area of study to pump only annual 
recharge. Annual recharge was assumed to be constant every 
year for simplicity. These tax percentages seem too high, 
but actually they are reasonable if these reasons are taken 
into account: (a) There is no market for water, so the per 
unit price of water is just a shadow price and not the 
market price. The market price of water is much higher than 
the current price. Unlike corn or soybean, there is no 
market system to determine the actual price of water. 
(b) When the taxes were imposed, price-, cost- and yield-
increase scenario was chosen and under this scenario, prices, 
costs, and yields increased annually by 2, 3, and .7 per­
cent, respectively. This increase in prices, costs, and 
yields contributed to the high tax percentages. (c) The 
fact that these are the tax percentages which are designed 
to force the farmer to pump only recharge was too restric­
tive and contributed to the high taxes. But despite the 
restrictiveness, the assumption will guarantee the use of 
the dependable water supply over time without the fear of 
depletion. 
In 1981, the tax rate was 153 percent, and in 2021 it 
was 1046 percent of the 1981 before tax water cost. The 
curve was rising because of the effect of price-, cost- and 
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yield-increase scenario where prices, costs, and yields 
were increasing. If the tax option was tried on no-change 
scenario, where prices, costs, and yields were constant 
over time, the tax rate necessary to force farmers to pump 
only recharge would be constant over time. The curve rose 
at varying rates. From 1981 to 1991, the curve increased 
at a decreasing rate; i.e., the increase between 1986 and 
1991 was less than the increase between 1981 and 1986, 
from 1986 to 1991 the curve rose 55 percent, while from 
1981 to 1986 it rose 59 percent. From 1991 to 2006, the 
curve increased at an increasing rate (from 267 percent to 
685 percent). From 2001 to 2011, the curve increased at a 
decreasing rate, and finally from 2006 to 2021, the curve 
increased at an increasing rate (from 685 percent to 1046 
percent). The reason for this change in the rate was due 
to different amounts of water being pumped per year under 
price-, cost- and yield-increase scenario. If this curve 
was compared to the total water pumped in Table 17, page 
136, a positive correlation would be found between the rate 
of changes and the amounts pumped. For example, the highest 
amounts of water pumped were in 1996 and 2016 (see Table 17). 
This was clear in Figure 24 where the curve increased at an 
increasing rate around those years (see Table 17, page 136, 
Figure 24, page 190, and Appendix B, Table B-8, for more detail) . 
In summary, the tax rates shown in Figure 24 were just 
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to show the high rates of tax that would be needed to force 
the farmers in the area of study to use only recharge. No 
attempt was made to recommend imposing these taxes. The 
reason was that most farmers, if not all, will stop produc­
tion because of high water costs. This tax analysis might 
help decision makers to formulate the best policy option 
which will suit the farmers and the community in the area 
of study. 
Combination of quota and constant taxes to 
reduce groundwater pumping 
The quota system was used to set groundwater pumping 
before tax to 120,000 acre-feet per year. This 120,000 acre-
feet level was picked by the author for illustration pur­
poses. Any level of groundwater pumping which is determined 
by the Willcox Basin community or Arizona Water Commission 
could be used as a quota system. The assumption is that 
farmers in the area of study can pump up to 120,000 acre-
feet per year without tax. Beyond the quota, any acre-foot 
of groundwater pumped necessitates a payment of a per acre-
foot amount of money for tax. 
Four constant tax rates over time were utilized to 
determine the effect of those rates on groundwater pumping. 
That is, to determine how much groundwater was saved under 
each tax rate. The four tax rates used were $6, $12, $18, 
and $36 per acre-foot beyond the quota limitation. 
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Results of applying those tax rates individually are 
shown in Table 26, page 194. Amounts of groundwater saved 
under $6, $12, $18, and $36 tax per acre-foot were 
2,381.6, 5,110.9, 10,549.2, and 23,177.2 acre-feet, respec­
tively (1.39, 3.0, 6.36, and 13.68 percent of the average 
amount pumped over the time period from 1981 to 2021 under 
restricted pumping). Higher groundwater saving was experi­
enced under $18 and $36 tax per acre-foot than under $6 and 
$12 tax per acre-foot (see Table 26, page 194, for more 
detail). 
Quotas on amounts of groundwater pumping 
Quota on water pumping was used in objective two of 
this study. Water pumping was limited to only annual re­
charge. The positive effect of this policy was the conserva­
tion of water and the dependence on the renewable recharge 
without fear of depletion. But this policy was very restric­
tive because it reduced net returns by about a half under 
all scenarios. The best quota was somewhere between the two 
extremes of no limit on water pumping and of pumping only 
annual recharge. This point was theoretically and graphi­
cally explained in Chapter 2, pages 51-60. 
As mentioned in Chapter 2, quotas do not work very well 
in case of water shortage; i.e., when water recharge is 
less than discharge. The reason is that if quotas are im­
posed, then the result will not be economic. That was clear 
Table 26. Saving in groundwater pumping under different tax rates at future 
time periods, using price-, cost- and yield-increase scenario, 
objective 2a^ 
Year 
Water saving 
under $6 tax 
per acre-foot 
of pumping 
Amount % 
Water saving 
under $12 tax 
per acre-foot 
of pumping 
Amount % 
Water saving 
under $18 tax 
per acre-foot 
of pumping 
Amount % 
Water saving 
under $36 tax 
per acre-foot 
of pumping 
Amount % 
Amount of 
water pumped 
under unre­
stricted 
pumping in 
acre-feet 
1981 0 0 5,739.8 3.6 30,813.2 19.95 34,438.0 22 .30 154,438 .0 
1986 12, 627. 7 7. 5 12,627.7 7.5 18,454.4 11.0 47,629.3 28 .41 167,629 ,3 
1991 0 0 9,699.4 5.8 9,699.4 5.8 45,645.7 27 .30 167,453 .1 
1996 8, 806. 3 5. 0 8,806.3 5.0 17,485.2 9.95 24,529.5 13 .95 175,804 .2 
2001 0 0 9,124.7 5.2 9,124.7 5.2 18,699.3 10 . 66 175,403 .7 
2006 0 0 0 0 9,365.6 .5.34 18,199.0 10 .38 175,309 .3 
2011 0 0 0 0 0 0 9,606.4 5 .48 175,213 .0 
2016 0 0 0 0 0 0 9,847.4 5 .60 175,118 .6 
2021 0 0 0 0 0 0 0 0 175,020 .7 
Aver­
age 2, 381. 6 1. 39 5,110.9 3.0 10,549.2 6.36 23,177.2 13 
00 
171,265 .5 
^This saving in groundwater pumping is not consistent over time due to dif­
ferent crop water requirements. This is more clear under the $18 tax rate. 
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in this study where it was found that net returns under 
water limitation (quota) in section two were very small com­
pared to no restrictions (free pumping) in section one. 
Quota in section two should be relaxed to a compromise be­
tween free pumping and pumping only recharge. See Chapter 
2 for the theoretical explanation of the quota system. 
Acreage allotment 
Another policy option is to limit the number of acres 
to each crop or simply to impose a total allotment and let 
the farmers choose. Both ways will work because the aim 
is to reduce water pumping and once acreage is reduced, 
water pumping will be reduced. 
This policy option can be done on a trial and error 
basis after determining the quantity of water which must be 
saved. That is, a certain number of acres can be reduced 
this season and an evaluation of total water pumped can be 
made at the end of the year. If it turned out that more 
water was pumped, or less was pumped than the quantity 
determined, then the allotment could be tightened or re­
laxed, respectively. 
Determining the amount of water to be pumped from the 
area of study over a year, taking into account conservation, 
might be difficult. Theoretically, the amount of water to 
be pumped can be determined accurately, but practically it 
might be expensive to achieve. The monitoring costs might 
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be high under this policy because a costly regular check 
every year would have to be made. 
Subsidies for farmers to reduce 
groundwater pumping 
Another policy option might be subsidies: to subsidize 
farmers for not pumping more than a specific amount of water 
over a period of time. This scheme might work better in a 
smaller sector; i.e., it might work better on a firm or a 
company but not on a whole sector. The problem is that 
there are many farmers in the area. Moreover, this scheme 
will be a burden on society because it has to come up with 
the money to be paid to farmers. In short, this policy op­
tion is impractical. 
Prohibition of pumping beyond a limit 
Prohibition is one of the toughest options which can be 
pursued. It is unrealistic in a democratic and free soci­
ety, but it can be done if the situation of water pumping is 
critical. Certainly in the case of water pumping in the 
area of study, the situation is not critical. This approach 
is useful only in some situations, such as when poison pollu­
tion occurs. 
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An Approach to Determine Social-Optimal 
Water Pumping Level 
The above three sections have covered the three objec­
tives of this study. Still one important point to be ad­
dressed is the effects of control policies on society in 
general. 
As stated in Chapter 2, pages 16-20, there was a 
divergence between private-optimal and social-optimal poli­
cies in terms of water pumping. Private-optimal was easy 
to determine. It was simply the withdrawal of any amount 
of water needed by farmers regardless of society's welfare. 
This was represented by objective one (section one) above. 
It was very difficult to determine social-optimal policies 
over time. It was easy to determine within a year by the 
use of a linear programming model. But over an extended 
time period, there was great difficulty in determining long 
range social-optimal policies. The time period over which 
this study extends is from 1981 to 2021, and a much longer 
time period was needed in order to determine social-optimal 
water withdrawal. Nevertheless, an attempt was made to find 
the social-optimal point during this short time span. Net 
returns after a 10 percent tax on water and tax revenues over 
time were picked to illustrate the procedure of finding the 
socially-optimal water pumping rates over time. 
Table 27, page 198, represents net returns and tax 
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Table 27. Net returns and tax revenues over time to 
determine the social optimal in terms of water 
pumping 
Year 
1 
Net returns 
after 10 per­
cent tax ($) 
2 
Tax revenue 
($) 
3 
Total social 
income ($) 
(2 + 3) = 4 
1981 4,432,471.9 475,051.2 4,907,523.1 
1986 5,912,591.0 476,784.8 6,389,375.8 
1991 7,755,444.8 463,850.0 8,219,294.8 
1996 9,820,616.4 465,321.1 10,285,937.5 
2001 12,055,975.3 442,714.2 12,498,689.5 
2006 14,661,273.7 443,570.4 15,104,844.1 
2011 17,571,091.5 411,297.0 17,982,888.5 
2016 20,879,284.0 412,153.2 21,291,437.2 
2021 24,582,244.9 413,004.2 24,995,249.1 
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revenues over the time periods in the area of study. Column 
one shows the time periods. Column two shows net returns 
after a 10 percent tax. Net returns were increasing because 
of the assumption that commodity prices, variable costs, and 
crop yields were increasing by 2, 3, and 0.7 percent, respec­
tively. Column three represents the amount of tax revenues 
over the time periods. The implicit assumption was that this 
revenue was spent in the community. Tax revenue was increas­
ing because net returns were increasing. Column four was the 
sum of columns two and three, and it was the total social in­
come obtained from crop sales and tax on water. The tax 
rate, for the purpose of illustration, was assumped to be 10 
percent. The highest total social income in column four 
occurred in year 2021. The amount of water pumped at that 
high income was the lowest among the nine periods. A total 
of 134,266.6 acre-feet were pumped in 2021 as compared to 
170,000 in 1981. These high social income and low water 
withdrawal in 2021 suggest that this might be the social 
optimal level of pumping. At least, this is the social 
level of withdrawal during the period from 1981 to 2021. 
As stated above, the time period was short so the social-
optimal point might be still far into the future. 
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CHAPTER 6. SUMMARY, CONCLUSIONS AND 
FURTHER RESEARCH NEEDS 
Summary and Conclusions 
Chapter 1 briefly introduced this study and stated the 
problem and objectives of the research. 
Chapter 2 dealt with the theoretical background of the 
study and developed the multiperiod linear programming model 
including fortran. The purpose of linear programming was to 
solve the optimization problem for each five-year period. 
The purpose of including fortran was to accommodate revi­
sion and adjustment of the variables over time. 
Chapter 3 comprised a discussion of the Willcox Basin 
which was the area of study with emphasis on A and B regions 
in terms of differing well lift. The climate, crops pro­
duced, land classes, soil types, population, returns from 
crop sales, and methods of irrigation were explained. This 
chapter was intended to inform the reader in terms of the 
important characteristics of the area of study. 
Chapter 4 specified data needs and sources. The data 
were organized to simulate a 1981 farming situation in the 
study area. This simulation was then analyzed. The con­
clusion of this analysis indicated that the results were sim­
ilar to the data given for the state in the Arizona Agricul­
tural Statistics publications. Assumptions were made in terms 
of future community crop demands and export demands. Based on 
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Agricultural Stabilization and Conservation Service records 
in Willcox, the estimated local demand of alfalfa and milo 
in the Willcox Basin was 6,000 acres annually of each. 
Based on the same source, any amount of cotton, wheat, pinto 
bean , and corn produced could be marketed either within the 
state of Arizona or exported to other states or countries. 
Results of the analysis in the unrestricted pumping 
section. Chapter 5, indicated that there would be at least 
1.6 million acre-feet of water left in storage after 2021. 
This amount left plus future annual recharge would be suf­
ficient to support the agricultural sector for at least 20 
years more after 2021 at the 1981 level of production. In 
1981, the underground water storage was estimated by the 
United States Geological Survey to be 6,500,000 acre-feet 
of water (3, p. 6; 71, p. 1). 
Before talking about the amounts of water remaining in 
the basin, under each scenario, after 2021, the criteria of 
economic and physical exhaustion must be explained. 
Economic exhaustion is the point at which a per unit 
output price equals a per unit water cost. The degree of 
exhaustion of a reservoir of water could vary with the prices 
of crops demanded. If crop prices were high compared to per 
unit water cost, exhaustion could be still far in the future. 
Exhaustion would not occur if prices of outputs were increas­
ing and costs of water were either decreasing or remaining 
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constant over time. Herfindahl and Kneese (41) have de­
fined economic exhaustion as a rise, gradual or sudden, in 
the cost of exploitation caused by exploitation. In the 
case of groundwater pumping, exhaustion is an increase in 
pumping costs caused by over time excessive pumping which 
leads to a decline in water table. 
Physical exhaustion, unlike economic exhaustion, does 
not involve prices of outputs or costs of inputs, but it 
only deals with the physical quantity of the resource. 
Physical exhaustion as defined by Johnson (44) means that 
the water table well or reservoir should not be pumped 
beyond two-thirds of the thickness of the water-bearing sand. 
Johnson indicates that "It is impractical to pump a water-
table well at a drawdown which exceeds two-thirds of the 
thickness of the water-bearing sand" (44, p. 189). 
The reason why it is impractical is that it has been 
determined in the same book that at a drawdown of 65 percent 
of the maximum, the well produces 88 percent of maximum 
yield. If the drawdown were increased to 95 percent of the 
amount possible, the well yield would increase by 99 percent 
of its maximum. Thus, a 46 percent greater drawdown results 
in only 11 percent greater yield (44, pp. 189, 190). 
In terms of natural resources, it takes longer time to 
reach physical exhaustion than to reach economic exhaustion. 
In this study, the economic water which could be used was so 
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abundant and neither of the exhaustion types was reached 
except under cost-increase scenarios, objectives 2a and 
2b, where economic exhaustion was reached. 
When the time period of this study (1981-2021) was 
extended to 2081, economic exhaustion under unrestricted 
pumping and under no-change scenario at 3, 6, and 9 percent 
discount rates occurred at 2031 and 558.4 feet of lift, 
2026 and 514.4 feet of lift, and 2022 and 479.2 feet of 
lift, respectively; under price-, cost- and yield-increase 
scenario, economic exhaustion occurred at 2035 and 621.5 
feet of lift, 2031 and 581.5 feet of lift, and 2026 and 
531.5 feet of lift, respectively; under price- and yield-
increase scenario, economic exhaustion occurred at 2041 and 
655.0 feet of lift, 2037 and 619.2 feet of lift, and 2031 
and 564.0 feet of lift, respectively. 
Total groundwater in the Willcox Basin after 2021 (using 
no-change scenario, objective 2a as an example) was calcu­
lated by the following process; 
Total quantities of water pumped over the period 
from 1981 to 2021 was 6,177,520 acre-feet 1 
Total annual recharge from 1981 to 2021 was 
2,040,000 acre-feet 2 
Total water storage in the basin in 1981 was 
6,500,000 acre-feet 3 
Total water storage plus total water recharge 
(3 + 2) was 6,500,000 + 2,040,000 = 8,540,000 
acre-feet 4 
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Remaining water after 2021 was the net of 4 
minus 1 above or 8,540,000 - 6,177,520 = 
2,362,480 acre-feet 5 
The final conclusions based on the results obtained from 
the model indicate that there would be no great danger of 
reservoir depletion, but that does not mean that nothing 
should be done to conserve groundwater. On the contrary, 
something should be done to conserve groundwater for future 
generations. 
The unrestricted pumping section was divided into four 
scenarios. The first scenario was no-change scenario, where 
the 1981 commodity prices, variable costs, and crop yields 
were assumed to continue up to 2021. The second scenario 
was cost-increase scenario, where commodity prices and crop 
yields were assumed to remain constant over time with vari­
able costs increased by 3 percent annually. The third sce­
nario was price-, cost- and yield-increase scenario, where 
commodity prices, variable costs, and crop yields increased 
by 2, 3, and 0.7 percent, respectively. The fourth scenario 
was price- and yield-increase scenario, where variable costs 
remained constant over time and commodity prices and crop 
yields increased by 2 and 0.7 percent, respectively. Under 
each of the first, third, and the fourth scenarios mentioned 
above, at least 2 million acre-feet of water were left in 
storage, but under the second scenario 4,213,316.2 acre-feet 
of water were left in storage after 2021. 
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Time and resources did not permit the run of all possi­
ble scenarios and the four mentioned above were chosen on 
the basis of covering the two extremes (cost-increase sce­
nario and price- and yield-increase scenario) and choosing 
two at equal distances in between (no-change scenario and 
price-, cost- and yield-increase scenario). 
The assumed annual percentage increases in market prices 
and variable costs (2 and 3 percent, respectively) were based 
on average increases in per unit prices and costs over the 
past 15 years in the area of study. In calculation of 
average percentage increases in prices and costs, these 
sources were used: (1) Arizona Field Crop Budgets—Cochise 
County issues from 1975 to 1981 (36), and (2) Arizona Agri­
cultural Statistics issues from 1967 to 1981 (2). The 
assumed annual percentage increase in crop yields (0.7 per­
cent) was based upon estimates within the Department of 
Economics at the University of Arizona. 
Assuming average past percentages of increase in market 
prices, variable costs, and crop yield to prevail over the 
future might not be a good way, but the important issue here 
is the analytical technique and not the percentages of in­
crease in the future. If exact rates were necessary, a pre­
diction model might need to be developed. But this model is 
beyond the limits of this study. 
Three rates of discount were used to show the effect of 
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each rate chosen on water conservation and also to show the 
effect of each rate chosen on future generations. Moreover, 
a comparison among the three rates could be drawn. The 
three rates of discount were 3, 6, and 9 percent, respec­
tively. The rates were considered as low, medium, and high. 
Results in Chapter 5 showed that the low rate was in 
favor of future generation because fewer resources would be 
used now and more would be conserved for future generation. 
On the contrary, the high discounting rate showed the oppo­
site and was in favor of present generation. Which rate of 
discount to use out of the three rates is difficult to 
determine because of the disagreements among professionals 
on what rate to use. Discount rates in the private sector 
differ from those in the public sector. Those in the public 
sector should be lower than those in the private sector be­
cause the public sector can absorb more risk than the private 
sector. In this study, all three rates were used. Moreover, 
the Willcox Basin community should be free to choose whatever 
rate it wants; if it wants hardship for future generation, 
it would choose the high rate and if it wants to help future 
generation, it would choose the low one. Thus, today's 
Willcox Basin community is the one which should make the 
decision. 
Discounted net returns, total water pumping and total 
acres of land use were the smallest under no-change and cost-
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increase scenarios and were the highest under price-, cost-
and yield-increase and price- and yield-increase scenarios. 
The reasons were the assumptions under each scenario regard­
ing commodity prices, variable costs, and crop yields (see 
Tables 13, 15, 17, and 19, pages 117, 123, 136, and 147, in 
Chapter 5 for comparison). Crop mix differed from one sce­
nario to another and even within a particular scenario over 
different time periods due to different crop water require­
ments (see Appendix A, Table A-5, for crop water requirements). 
A decline in water table and hence an increase in pump­
ing costs were experienced in regions A and B over time. 
The decline in water table causes the farmers to use more 
natural gas to pump the water needed for irrigation which 
leads to an increase in pumping costs over time. 
The restricted pumping section to annual recharge of 
Chapter 5 explained the assumption of limiting annual water 
pumping in the area of study to annual recharge. The purpose 
of limiting water pumping was to study the effects of the 
limitation on net returns and crop mix over time. The sec­
tion was divided into four scenarios as in the unrestricted 
pumping section above. Results obtained in this section were 
different from those in the unrestricted pumping section be­
cause only annual recharge was used in this section and water 
stock in storage was maintained. Using only annual recharge 
might seem to be a good policy in terms of water conservation. 
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but the problem was the low net returns generated because 
of the use of this limited amount of water. That is, re-
stricting water pumping to only annual recharge was a severe 
restriction because it reduced net returns received by 
farmers by more than a half. For example, discounted net 
return in 2021 under the price-, cost- and yield-increase 
scenario and unrestricted pumping was $7,667,254.30. The 
same net return under the same scenario and restricted pump­
ing was $3,143,007.20. On the contrary, in the unrestricted 
pumping section, there were no restrictions on water pump­
ing and net returns were more than twice the same ones under 
restricted pumping. The optimum point might be somewhere 
between restricted pumping to annual recharge and unre­
stricted pumping. Over time, discounted net returns under 
restricted pumping were about one-third of those under unre­
stricted pumping. Willcox community was losing two-thirds 
of net returns which could have been generated from farming 
if the restrictions were not imposed, but at the same time 
water conservation was important because water is an essen­
tial resource for present and future generations. Thus, 
the solution lies in finding a compromise between water to 
be pumped and net returns needed for community betterment. 
This section represents the application of a quota system; 
i.e., restricting water pumping to 51,000 acre-feet annually. 
Under no-change scenario economic exhaustion could not 
209 
be reached. The reasons were (1) pumping only annual re­
charge which is renewable every year, and (2) prices, costs, 
and yields were not changing over time. Under price-, cost-
and yield-increase and price- and yield-increase scenarios, 
economic exhaustion could not be reached even with the exten­
sion in the time period, from 2021 to 2081, as was done in 
the unrestricted pumping section above. A very long time 
period was required to determine economic exhaustion under 
these scenarios. Economic exhaustion occurred at 2021 and 
396 feet of lift under cost-increase scenario. The 396 feet 
of lift was 4 feet less than the lift in 1981. The reason 
was only annual recharge, which was renewable, was pumped 
every year up to 2001 and then a slight rise in water table 
took place in 2011, 2016, and 2021. That slight rise in 
water table was responsible for the decrease in water lift 
from the level of 1981 by 4 feet in 2021. 
It must be noted that this study was carried out on the 
whole area and not on each farm in the area. That is, the 
whole area was considered as a big farm. Moreover, only ag­
ricultural sector was considered in this study without any 
attempt to include other sectors. If other sectors need to 
be included, a more complicated model would be required and 
probably-a use of input-output analysis along with multi-
period linear programming would be helpful. Input-output 
analysis would take care of the interrelationships among the 
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sectors. 
The last part of Chapter 5 was devoted to the analysis 
of several policy options. These options which could re­
strict water pumping to only annual recharge or any level 
specified included taxes, quotas on water pumping, land 
allotment, subsidies for damages resulting from restricted 
pumping, and prohibition of pumping beyond a certain quota. 
The tax option was used in study objective one (no 
limit on water pumping) to impose a percentage tax on every 
acre-foot of water pumped (1) beyond the total amount re­
quired by the crops, or (2) beyond a specific level of pump­
ing determined by the Water Commission in Arizona. A 10 
percent tax was used to illustrate how the tax affects water 
use under price-, cost- and yield-increase scenario. 
Over time, tax percentages which could induce farmers 
in the area of study to pump only annual recharge were de­
termined and plotted against the future time periods to show 
the shape of the curve. The curve rose at varying rates. 
From 1981 to 1991, the curve increased at a decreasing rate; 
i.e., the increase between 1986 and 1991 was less than the 
increase between 1981 and 1986, from 1986 to 1991 the curve 
rose 55 percent, while from 1981 to 1986 it rose 59 percent. 
From 1991 to 2006, the curve increased at an increasing rate 
(from 267 percent to 685 percent). From 2001 to 2011, the 
curve increased at a decreasing rate, and finally from 2006 
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to 2021, the curve increased at an increasing rate (from 685 
percent to 1046 percent). The reason behind these increas­
ing and decreasing rates of tax percentages over time was the 
differences in total water pumping, before tax was imposed, 
over the time periods. The higher the water pumping before 
tax, the higher the tax rate needed to induce farmers in the 
area of study to pump only annual recharge (see Figure 24, 
page 190, and Appendix B, Table B-8). 
A constant tax of $6, $12, $18, and $36 per acre-foot 
was tried on the price-, cost- and yield-increase scenario, 
objective 2a, and the results were more saving of water under 
the $36, followed by the $18, followed by the $12, and final­
ly the $6 (see Table 26, page 194, for more detail). 
Quota was explained in the restricted pumping section of 
this chapter. As stated earlier, restricting water pumping 
to annual recharge under the Willcox Basin characteristics 
would result in a loss of net returns for the present but an 
increase of net return in the future because water conserva­
tion would be achieved. The quota system has more meaning if 
recharge is greater than discharge. But in the Willcox Basin, 
under current use recharge is much less than discharge. If 
recharge is greater than discharge, then there is more water 
to set quota at, than if recharge is less than discharge. 
Policy options of allotments, subsidies, and prohibi­
tion were explained in Chapter 5, but it was concluded that 
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they would not affect water pumping unless Willcox Basin's 
economy was in danger of running out of water for irrigation. 
To use any of the above policy options, considerable 
administration and monitoring costs would be expected. So 
those policies should include costs needed for enforcement. 
Administration and monitoring costs differ among the five 
policy options stated above and taxation seems to be the 
least expensive alternative in terms of monitoring and super­
vision costs. 
Finally, an approach was discussed for determining the 
optimum rate at which water should be pumped from the area 
of study over the planning period (1981-2021). The only 
problem was the short period of time (1981-2021) used in this 
study when a much longer period of time is really needed. 
The approach to determine the optimum rate at which water 
should be pumped was to find the highest discounted net re­
turn plus discounted tax revenue over the period from 1981 
to 2021 and to choose the rate of water pumping which corre­
sponds to that highest rate. That rate of water pumping 
would be considered as the optimal rate over time. The opti­
mal rate was found to be 134,266.6 acre-feet per year which 
occurred at 2021. 
Further Research Needs 
A notable characteristic of research in natural resource 
issues is its multidisciplinary nature involving the physical, 
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institutional, and economic dimensions of the problem. 
Research by physical and biological scientists determines 
what is physically or technically possible with respect to 
resource use. The institutional part of the resource prob­
lem concerns the delineation of socially acceptable programs 
for the development and use of natural resources. The 
policy-maker is guided by lawyers, sociologists, and politi­
cal scientists in discerning the boundaries imposed by the 
legal system, social values, and the political process. 
These same social scientists can help initiate institutional 
change which might facilitate the achievement of societal 
objectives for resource use. Finally, economists determine 
what is economically desirable from among the technically 
feasible and socially acceptable alternatives to produce 
social programs which at least cover their costs. 
Several areas in this study need further research. The 
time period over which the study extends could be lengthened. 
To find an acceptable policy for water pumping in the area 
of study which enhances water conservation through better 
allocation and ultimately reaches the safe-yield criterion 
(see page 21) requires a great deal of money and time for 
research. 
There is a need for more study of the geologic and 
hydrologie characteristics so the researchers can design 
models which use economic and hydrologie data together to 
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determine the optimum pumping over time and ultimately to 
solve the water scarcity problem in the area. The United 
States Geological Survey recently started to survey the area. 
Also, studies in terms of modeling each farm in the 
area separately to determine all input requirements and to 
solve farmers' specific problems, especially the ones con­
nected to water pumping, could be pursued. 
Studies could be expanded to include all competing 
sectors in water use like mining, industry, and municipal 
uses. By including those sectors, a more complete study of 
the water use in the area could be pursued. 
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There are 1,000,000 irrigated acres of land in Arizona 
in 1981. 
Net increase of land for the whole state = 
62,200 - 9,100 = 63,100. 
Net increase per year for the state = 
^^20^^ ~ 3155 acres 
Willcox Basin comprises only 5 percent of the state. That 
is, 
50,000/1,000,000 = .05 . 
Net increase per year for the Willcox Basin = 
3155 X .05 = 157.75 acres. 
Every year for 20 years, 157.75 acres are added to all 
classes of land available in 1981, that is, from 1981 to 
2,000. Similarly, net increase per year for the Willcox 
Basin from 2000-2021 was found to be 117.5 acres. The table 
below states the increase in land per class per region. 
Table A-1. Calculation of projected net increase in land 
from Tables 10 and 11, pages 110 and 111 
LA LB ILA LIB ILIA ILLB IVA IVB Year 
7700 8500 4400 5350 8100 9350 3300 3300 1981 
7724 8527 4414 5367 8126 9379 3310 3310 1982 
7748 8554 4428 5384 8152 9408 3320 3320 1983 
7772 8581 4442 5401 8178 9437 3330 3330 1984 
7796 8608 4456 5418 8204 9466 3340 3340 1985 
7820 8635 4460 5435 8230 9495 3350 3350 1986 
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Table A-1. Continued 
l a  IB "a  "B ILLA I : :B IVA IVB Year  
7844  8662  4474  5452  8256  9524  3360  3360  1987  
7868  8689  4488  5469  8282  9553  3370  3370  1988  
7916  8743  4516  5503  8334  9611  3390  3390  1990  
7940  8770  4530  5520  8360  9640  4000  4000  1991  
7964  8797  4544  5537  8386  9669  4010  4010  1992  
7988  8824  4558  5554  8412  9698  4020  4020  1993  
8012  8851  4572  5571  8438  9727  4030  4030  1994  
8036  8878  4586  5588  8464  9756  4040  4040  1995  
8060  8905  4600  5605  8490  9785  4050  4050  1996  
8084  8932  4114  5622  8516  9814  4060  4060  1997  
8108  8959  4628  5639  8542  9843  4070  4070  1998  
8132  8986  4642  5656  8568  9872  4080  4080  1999  
8156  9013  4656  5673  8594  9901  4090  4090  2000  
8180  9030  4674  5683  8605  9932  3506  3506  2001  
8198  9049  4684  5696  8624  9954  3513  3513  2002  
8216  9068  4694  5709  3643  9976  3520  3520  2003  
8234  9087  4704  5722  8662  9998  3527  3527  2004  
8252  9106  4714  5735  8681  10020  3534  3534  2005  
8270  9125  4724  5748  8700  10042  3541  3541  2006  
8288  9144  4734  5761  8719  10664  3548  3548  2007  
8306  9163  4744  5774  8738  10086  3555  3555  2008  
8324  9182  4754  5787  8757  10108  3562  3562  2009  
8342  9201  4764  5800  8776  10130  3569  3569  2010  
8360  9220  4774  5813  8795  10152  3572  3572  2011  
8378  9239  4784  5826  8814  10174  3579  3579  2012  
8396  9258  4794  5839  8833  10196  3586  3586  2013  
8414  9277  4804  5852  8852  10218  3593  3593  2014  
8432  9296  4814  5865  8871  10240  3600  3600  2015  
8450  9315  4824  5878  8890  10262  3607  3607  2016  
8468  9334  4834  5891  8909  10284  3614  3614  2017  
8486  9353  4844  5904  8928  10306  3621  3621  2018  
8504  9372  4854  5917  8947  10328  3628  3628  2019  
8522  9391  4864  5930  8966  10350  3635  3635  2020  
8540  9410  4874  5943  8975  10372  3642  3642  2021  
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Table A-2. Calculation of the conversion factors from 
other types of fuel to natural gas^ 
Pump 
efficiency 
BTUs taking pump 
efficiency into 
account 
1 Therm of NG = 
100,000 BTU 25% .25 X 100,000 = 25,000 BTU 
1 gallon of DL = 
140,000 BTU 28% .28 X 140,000 = 39,200 BTU 
1 gallon of LP = 
93,000 BTU 25% .25 X 93,000 = 23,250 BTU 
1 kwh of ET = 
3,413 BTU 70% .70 X 3413 = 2389.1 BTU 
1 gallon of DL = gg'oOO ~ Therm 
1 gallon of LP = ' oqq = Therm 
1 kwh of ET = gg'QQQ = Therm 
The above were the conversion factors taking the pump 
efficiency into consideration 
^NG = natural gas, DL = diesel, LP = liquid petroleum 
gas, kwh = kilowatt hour, ET = electricity, and BTU = 
British thermal unit. 
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Table A-3. Per acre crop yields classified by land classes 
Yield/AC for each land class (Lb)^ 
Crop Land class 
II III IV 
Cotton 
Lint 625 600 415 315 
Seed 1,031 990 685 520 
Barley 4,627 3,700 3,100 2,600 
Wheat 5,544 4,273 4,071 4,200 
Milo 7,040 5,875 5,817 4,800 
Corn 8,500 5,578 4,508 __ b  
Alfalfa 12,400 11,500 8,300 6,400 
Pinto bean 1,600 1,545 1,450 1,300 
^AC = acre and Lb = pound. 
'^Corn is not grown on land class IV. 
Table A-4. Quantities of fertilizer, herbicides, insecticides, and fungicides 
required by the crops per season per acre per type 
Crop 
Fertilizer Herbicides Insecticides Fungi-
cide (11-48- NH3 (16-20- Atro- Tref- Las- Azo- El- Thi- Fura- Lan-
0) (33- 0) zin Ian so drin hyle- met dan nate Di-
0-0) para thane 
Lb Lb Lb Lb Pt Qt^ Pt Pt Pt Lb Pt Lb 
Alfalfa hay 
Cropland cotton 
Wheat 
Barley 
Milo 
Corn 
Pinto bean 
200 
200 
300 
300 
300 
380 
2 
1 
. 4  .3 
1.5 1.5 3 
6. 67 
6.67 
1 6.67 
2 15 
1.5 
Lb = pound. 
^Pt = pint. 
'Qt = quart. 
Table A-5. Monthly water usage by 1981 field crops. Cochise County 
Crop Item Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec To­tal 
Alfalfa Stand ESTE Irrig 
AI^ 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
6.0 
2.0 
8.0 
1.0 
4.0 
0.0 
0.0 
4.0 
18.0 
Alfalfa hay Irrig 
AI 
0.0 
0.0 
1.0 
4.0 
1.0 
4.0 
2.0 
8.0 
2.0 
8.0 
2.0 
12.0 
2.0 
12.0 
2.0 
8.0 
2.0 
8.0 
1.0 
4.0 
0.0 
0.0 
0.0 
0.0 
15.0 
68.0 
Upland cotton Irrig 
AI 
0.0 
0.0 
0.0 
0.0 
1.0 
12.0 
0.0 
0.0 
1.0 
6.0 
1.0 
6.0 
2.0 
12.0 
1.0 
6.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
6.0 
42.0 
Pima cotton Irrig 
AI 
0.0 
0.0 
0.0 
0.0 
1.0 
12.0 
0.0 
0.0 
1.0 
6.0 
1.0 
6.0 
2.0 
12.0 
1.0 
6.0 
1.0 
6.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
7.0 
48.0 
Wheat, barley Irrig 
AI 
1.0 
4.0 
1.0 
4.0 
1.0 
4.0 
2.0 
8.0 
2.0 
8.0 
1.0 
4.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
.5 
4.0 
.5 
4.0 
9.0 
40.0 
Milo Irrig 
AI 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
10.0 
0.0 
0.0 
2.0 
8.0 
3.0 
12.0 
2.0 
8.0 
1.0 
4.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9.0 
42.0 
Corn Irrig 
AI 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
.7 
7.0 
.3 
3.0 
2.0 
8.0 
3.0 
12.0 
2.0 
8.0 
1.0 
4.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9.0 
42.0 
Pinto beans Irrig 
AI 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
12.0 
1.0 
4.0 
2.0 
8.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
4.0 
24.0 
Green chili NM 6-4 Irrig 
AI 
0.0 
0.0 
0.0 
0.0 
1.0 
6.0 
1.0 
4.0 
4.0 
16.0 
2.0 
8.0 
2.0 
8.0 
4.0 
20.0 
1.0 
6.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
15.0 
68.0 
Red chili NM 6-•4 Irrig 
AI 
0.0 
0.0 
0.0 
0.0 
1.0 
6.0 
1.0 
4.0 
4.0 
16.0 
2.0 
8.0 
2.0 
8.0 
4.0 
20.0 
2.0 
10.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
16.0 
72.0 
^AI = acre inch. 
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Table A-6. Labor breakdown 
Total employment in the Willcox Basin 
Non-farm employment 
Farm employment 
21,875 
20,225 
1,650 
The year was broken into four quarters : 
First quarter (Jan-Mar), 1,188,000 hours of labor 
available 
Second quarter (Apr-June), 1,201,200 hours of labor 
available. 
Third quarter (July-Sep), 1,204,500 hours of labor 
available 
Fourth quarter (Oct-Dec), 1,204,500 hours of labor 
available 
Steps of calculation: 
The total days per quarter were computed. 
Eight hours/day of work assumed to be on farm. 
The total days/quarter were multiplied by 8 and finally 
multiplied by 1650 (the number of workers in the 
farming sector) to obtain the total hours of work 
available per quarter. 
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Table A - 7. Overtime groundwater withdrawal in the area of 
study (71) 
Withdrawal Withdrawal Withdrawal 
Year in Year in Year in 
acre feet acre feet acre feet 
1925 500 1944 5,000 1963 180,000 
1926 1,000 1945 9,000 1964 220,000 
1927 1,000 1946 15,000 1965 250,000 
1928 2,000 1947 20,000 1966 240,000 
1929 2,000 1948 23,000 1967 300,000 
1930 1,000 1949 28,000 1968 290,000 
1931 1,000 1950 35,000 1969 291,000 
1932 1,000 1951 38,000 1970 289,000 
1933 1,000 1952 39,000 1971 309,000 
1934 1,000 1953 94,000 1972 292,000 
1935 1,000 1954 105,000 1973 305,000 
1936 1,000 1955 110,000 1974 339,000 
1937 1,000 1956 120,000 1975 293,000 
1938 2,000 1957 135,000 1976 306,000 
1939 2,000 1958 155,000 1977 220,000 
1940 2,000 1959 183,000 1978 169,000 
1941 5,000 1960 195,000 1979 175,000 
1942 5,000 1961 184,000 1980 170,000 
1943 5,000 1962 180,000 1981 170,000 
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APPENDIX B: SUMMARY OF COMPUTER OUTPUT 
Table B-1. Water used and crops produced in regions A and 
B under cost-increase scenario, objective 2a 
Year 1981 1986 1991 1996 
Water use 
(AF)a 
Region A 88, 241.5 92 ,407.3 73 ,265.6 53, 027.7 
Region B 66, 196.5 58, 004.0 37 ,622.4 38, 683.5 
Crops by 
region 
(AC)b 
A B A B A B A B 
Cotton 
Barley 
Wheat 3300 3300 5580 3350 7940 8770 8060 2905 
Milo 6000 6000 — — 6000 — —  6000 
Corn 7700 8500 7820 8635 
Alfalfa 4400 1600 4460 1540 4530 1470 4600 1400 
Pinto bean 2100 8134.6 — — 3895 
^AF = acre-feet. 
^AC = acre. 
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2001 2006 2011 2016 2021 
27, 304.8 41 ,651.3 34 ,074.0 34, 074.0 
44, 188.1 — — - — — 
A B A B A B A B A B 
8180 3030 2270 
6000 6000 6000 6000 
Table B-2. Water used and crops produced in regions A and 
B under price-, cost- and yield-increase 
scenario, objective 2a 
Year 1981 1986 1991 . 1996 
Water use 
(AF) a 
Region A 88,241.5 91,540.7 95,272.3 96,652.9 
Region B 66,196.5 76,088.6 72,180.8 79,151.3 
Crops by 
region 
(AC)b 
1 
1 
A j B 
1 
1 1 
A B A B A B 
Cotton 
1 
1 
— 1 — 
1 
Barley 
1 
1 
Wheat 3300|3,300 10738.2 3350 9674.6 4000 10083.8 8255 
Milo 6000i 
1 
841.8 5158.2 2685.4 3314.6 2456.2 3543.8 
Corn 770018500 7820 8635 7940 8770 8060 8905 
Alfalfa 
1 
4400[1600 
1 
4460 1540 4530 1470 4600 1400 
Pinto bean 2100Î8134.6 
1 
— —  3895 — 4050 — — 
^AF = acre-feet. 
^AC = acre. 
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2001 2006 2011 2016 2021 
95,987.3 97,105.2 98,208.5 88,319.0 89,132.7 
79,416.4 78,204.1 77,004.5 86,799.6 85,887.9 
A B A B A B A B A B 
10098.5 7863 9725.9 8013 9356.7 8159 13686.1 3607 13427.5 3642 
2012.5 3987.5 2515.1 3484.9 3010.3 2989.7 3512.9 2487.1 4006.5 1993.5 
8180 9030 8270 9125 8360 9220 8450 9315 8540 9410 
4674 1326 4724 1276 4774 1226 122 5878 57 5943 
Table B-3. Water used and crops produced in regions A and 
B under price- and yield-increase scenario, 
objective 2a 
Year 1981 1986 1991 1996 
Water use 
(AF)^ 
Region A 
00 00 
241.5 89,430.3 92, 978.6 93, 924.1 
Region B 66, 196.5 65,571.3 69, 869.7 62, 328.7 
Crops by 
region 
(AC)b 
A B A B A B A B 
Cotton 4050 — 4205 
Barley 
Wheat 3300 3300 3350 3350 4000 4000 4050 
Milo 6000 — 6000 — —  6000 — —  6000 
Corn 7700 8500 7820 8635 7940 8770 8060 8905 
Alfalfa 4400 1600 4460 1540 4530 1470 4600 1400 
Pinto bean 2100 8134.6 2230 7673 2360 1621.1 2490 4213.5 
^AF = acre-feet. 
^AC = acre. 
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2001 2006 2011 2016 2021 
93,179.6 94 ,086.2 94 ,979.4 95,886.0 96 ,772.6 
62,584.8 62 ,159.3 61 ,739.6 61,314.2 60 ,907.1 
A B A B A B A B A B 
—  —  4357 — 4472 — 4587 4702 —  —  4817 
3506 3541 — — 3572 — 3607 — —  3642 — —  
6000 6000 6000 — 6000 6000 — —  
8180 9030 8270 9125 8360 9220 8540 9315 8540 9410 
4674 1326 4724 1276 4774 1226 4824 1176 4874 1126 
2605 5066.8 2700 3628.9 2795 3193.9 2890 2756 2975 2327.3 
Table B-4. Water used and crops produced in regions A and 
B under cost-increase scenario, objective 2b 
Year 1981 1986 1991 1996 
Water use 
(AF)^ 
Region A 26,996.2 27, 416.9 34,600.6 33,902.2 
Region B 24,003.8 23, 583.1 16,399.4 17,097.8 
Crops by 
region 
(AC) G 
A B A B A B A B 
Cotton 
Barley 
Wheat 5070.7 — — 
Milo 4827.7 
Corn 7700 6846.5 7820 6724.5 
Alfalfa 3112.3 2887.7 2989.3 3010.7 
Pinto bean 
^AF = acre-feet. 
^AC = acre. 
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2001 2006 2011 2016 2021 
34,583.7 41,651.3 34, 074 34, 074 D 
16,416.3 0 0 0 0 
A B A B A B A B A B 
5070.7 — 2,270 — —  — —  —  — —  — — —  — —  
3109.3 2890.7 6,000 — —  6,000 6000 
Table B-5. Water used and crops produced in regions A and 
B under price-, cost- and yield-increase 
scenario, objective 2b 
Year 1981 1986 1991 1996 
Water use 
(AP)^ 
Region A 
Region B 
26,996.2 
24,003.8 
27,416.9 
23,583.1 
27,837.6 
23,162.4 
28,258.4 
22,741.6 
Crops by 
A B A B A B A B 
Cotton 
Barley 
Wheat 
Milo 
Corn 
Alfalfa 
Pinto bean 
7700 6846.5 7820 6726.5 7940 6606.5 8060 6486.5 
^AF = acre-feet. 
^AC = acre. 
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2001 2006 2011 2016 2021 
28,679.1 
22,320.9 
28,994.6 
22,005.4 
29,310.2 
21,689.8 
29,625.7 
21,374.3 
29,941.2 
21,058.8 
A B A B A B A B A B 
8180 6366.5 8270 6276.5 8360 6186.5 8450 6096.5 8540 6006.5 
Table B-6. Water used and crops produced in regions A and 
B under price- and yield-increase scenario, 
objective 2b 
Year 1981 1986 1991 1996 
Water use 
(AF)^ 
Region A 
Region B 
26,996.2 
24,003.8 
27,416.9 
23,583.1 
24,977.4 
26,022.6 
25,358.0 
25,642.0 
Crops by 
region 
(AC)b 
A B A B A B A B 
Cotton 
Barley 
Wheat 
Milo 
Corn 
Alfalfa 
Pinto bean 
7700 6846.5 7820 4183.1 
4451.9 12470 12991.8 12660 11801.E 
^AF = acre-feet. 
^AC = acre. 
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2001 2006 2011 2016 2021 
25,746.6 26,027.0 26,307.4 26,587.8 26,868.2 
25,253.4 24,973.0 24,692.6 24,412.2 24,131.8 
A B A B A B A B A B 
12854 12607.8 12994 12467.8 13134 12327.8 13274 12187.8 13414 12047.8 
Table B-7. Summary of some important results under sections 
one and two 
Section one 
Unrestricted water pumping, 
objective 2a 
Scenario 
a 
Scenario 
b 
Scenario 
c 
Scenario 
d 
Water pumped 
from 19 81-
2021 (AF)a 6,177,520 2,972,423.7 6,885,303.1 6,278,954.5 
Water left in 
storage after 
2021 (AF) 2,362,480 4,213,316.2 2,100,767.3 2,261,045.5 
Per year de­
cline in water 
table (ft) 1.80 0.60 2.04 1.80 
Cost of water 
per AF in 1981 
region A ($) 26.31 26.31 26.31 26.31 
Cost of water 
per AF in 2021 
region A ($) 67.28 59.84 69.08 67.55 
Well lift in 
1981 region A 
(ft) 350 350 350 350 
Well lift in 
2021 region A 
(ft) 420.39 373.88 431.52 421.98 
Cost of water 
per AF in 1981 
region B ($) 33.83 33.83 33.83 33.83 
Cost of water 
per AF in 2021 
region B ($) 83.29 75.85 85.09 83.56 
Well lift in 
1981 region B 
(ft) 450 450 450 450 
Well lift in 
2021 region B 
(ft) 520.39 473.88 531.52 521.98 
^AF = acre-feet. 
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Section two 
Restricted water pumping to annual recharge, 
objective 2b 
Scenario Scenario Scenario Scenario 
a b c d 
2,040,000 2,040,000 2,040,000 2,040,000 
6,500,000 6,500,000 6,500,000 6,500,000 
There is no decline in water table which implies no 
increase in well lift and hence no increase in 
pumping costs over time. The reason was the fact 
of pumping only annual recharge which was renewable 
every year. No water was pumped from the stock in 
the basin. 
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Table B-8. Percentage taxes necessary to force farmers 
in the area of study to pump only recharge 
over the period from 1981 to 2021 
fear Tax 
peSod percent 
1981 
1986 
1991 
1996 
2001 
2006 
2011 
2016 
2021 
153 
212 
267 
364 
505 
685 
795 
915 
1046 
The price-, cost- and yield-increase 
scenario of objective 2a (no restric­
tion on water pumping) was used when 
the tax rates were imposed. This is 
one of the reasons why the tax per­
centage is increasing rapidly over time 
(see page 189 for the other reasons). 
Table B-9. Over time rates of groundwater pumping at corresponding percentage 
taxes under the price-, cost- and yield-increase scenario, objective 
2a 
1981 1986 1991 1996 2001 
Rate of % Rate of % Rate of % Rate of % Rate of % pumping tax pumping tax pumping tax pumping tax pumping 4-A Y (AF)^ (AF) (AF) (AF) (AF) 
154,438 10-20 155,002 10 150,797 10-20 151,275 10 143,925 10-30 
148,698 30-40 149,175 20-30 143,174 30-50 143,557 20-50 133,155 40-80 
123,625 50-60 142,791 40—60 132,404 60—80 132,787 60-80 110,229 90-350 
98,383 70-80 132,021 70-80 109,478 90-180 109,861 90-290 88,539 360-410 
76,327 90 109,095 90-100 95,461 190-200 96,925 300-310 72,453 420-•430 
65,610 100 93,996 110-120 78,715 210-250 54,422 320-360 55,217 440-500 
56,797 110-150 77,510 130-160 67,659 260 43,195 370-380 43,834 510-•530 
26,996 160 66,625 170-180 42,544 270 33,981 390-420 34,472 540-570 
57,691 190-210 33,470 280-300 16,144 430-440 16,385 580-590 
27,417 220 15,904 310-320 
^AF = acre-feet. 
Table B-9. Continued 
2006 2011 2016 2021 
Rate of ^ 
pumping 
(AF) tax 
Rate of „ 
pumping 
(AF) tax 
Rate of ^ 
pumping . 
(AF) tax 
Rate of 
pumping 
(AF) 
% 
tax 
144,204 10-20 133,712 10-70 133,990 10-70 134,267 10-40 
133,433 30-80 110,786 80-450 111,064 80-510 111,341 50-570 
110,507 90, 400 88,629 460-760 88,675 520-•790 88,718 580-790 
88,584 410-•570 74,035 770-780 74,236 800-•850 74,446 800-•950 
73,244 580-590 56,419 790 56,546 860-•910 56,735 960-•1040 
55,818 600-680 43,631 800-820 44,732 920-930 43,892 1050-•1080 
44,304 690-700 35,125 830-880 35,316 940-950 36,913 1090-1100 
34,842 710-•760 16,692 890-900 16,712 960-•980 16,939 1110-1130 
16,565 770-•780 
Table B-10. Undiscounted net returns under unlimited and 
limited groundwater pumping 
Unlimited pumping 
Year 
Scenario a Scenario b Scenario c Scenario d 
1981 4,907,523.1 4,907,523.1 4,907,523.1 4,907,523.1 
1986 4,907,523.1 3,498,285.8 6,389,375.8 7,924,299.5 
1991 4,907,523.1 2,404,762.4 8,219,294.8 11,380,378.1 
1996 4,907,523.1 1,729,609.5 10,285,937.5 15,341,612.2 
2001 4,907,523.1 1,071,502.0 12,498,689.5 19,841,075.5 
2006 4,907,523.1 607,117.8 15,104,844.1 24,965,293.6 
2011 4,907,523.1 405,905.8 17,982,888.5 30,827,376.0 
2016 4,907,523.1 183,581.8 21,291,437.2 37,498,894.7 
2021 4,907,523.1 0 24,995,249.1 45,126,960.9 
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Limited pumping annual recharge 
Scenario a Scenario b Scenario c Scenario d 
2 , 5 6 3 , 4 1 2 .  9  2  , 5 6 3 , 4 1 2 .  9  2 , 5 6 3  , 4 1 2 .  9  2 , 5 6 3 , 4 1 2 .  9  
2 , 5 6 3 , 4 1 2 .  9  1  , 9 5 0 , 2 4 2 .  9  3 , 1 4 8  , 9 8 2 .  9  3 , 7 6 7 , 8 3 1 .  7  
2 , 5 6 3 , 4 1 2 .  9  1  , 5 1 1 , 2 3 9 .  6  3 , 8 6 5  , 9 5 5 .  1  5 , 5 1 8 , 9 5 9 .  0  
2 , 5 6 3 , 4 1 2 .  9  1  , 2 3 9 , 8 4 9 .  4  4 , 6 4 8  , 0 6 1 .  7  7 , 6 9 6 , 9 9 0 .  1  
2 , 5 6 3 , 4 1 2 .  9  9 2 3 , 9 4 5 .  9  5 , 5 0 1  , 9 9 4 .  3  1 0 , 1 7 5 , 3 1 7 .  6  
2 , 5 6 3 , 4 1 2 .  9  5 6 6 , 9 6 1 .  4  6 , 5 0 0  , 2 4 3 .  7  1 2 , 9 9 9 , 6 6 9 .  1  
2 , 5 6 3 , 4 1 2 .  9  1 4 8 , 3 2 2 .  2  7 , 5 9 5  , 5 1 7 .  7  1 6 , 2 1 0 , 8 5 2 .  2  
2 , 5 6 3 , 4 1 2 .  9  0  8 , 8 4 7  , 5 9 4 .  7  1 9 , 8 6 5 , 6 4 1 .  4  
2 , 5 6 3 , 4 1 2 .  9  0  1 0 , 2 4 6  , 2 0 3 .  7  2 4 , 0 3 2 , 1 1 5 .  0  
